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The pupil size is determined by an antagonistic action between the 
circumferential sphincter muscle and the radial dilator muscle in the iris. Upon 
illumination, the pupils in both eyes constrict to a broadly similar extent because 
of the bilateral reflex pathways through the brain. Despite this widely-accepted 
picture, it has been reported that, the isolated iris sphincter muscle of sub-
primate nocturnal and crepuscular mammals generally shows, surprisingly, a 
light-induced contraction. In mouse, this local iridic light effect requires the 
pigment, melanopsin, the localization and signaling mechanism of which remains 
unclear. Others have suggested that the local light reflex of the isolated mouse 
iris sphincter results merely from collateral axons of intrinsically-photosensitive 
retinal ganglion cells (ipRGCs) forming presynaptic terminals on parasympathetic 
muscarinic innervation of the sphincter muscle cells. Here, we exclude this model 
by showing that atropine, a muscarinic blocker, eliminated the effect of 
acetylcholine (ACh) on the isolated mouse sphincter muscle without affecting its 
light response, indicating that the light-induced contraction of the isolated iris 
sphincter is independent of muscarinic synaptic transmission. By genetic labeling, 
we underpinned melanopsin’s expression in about 10% of mouse iris-sphincter 
muscle cells, in which light and acetylcholine appear to signal through shared, 
albeit not identical pathways. The response of iris sphincter muscle isolated from 
the conditional Gαq Gα11 double-knockout line to ACh was practically the same 
as control, but the muscle’s response to a light flash was significantly reduced. 
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Knockout of genes encoding other members (i.e. Gα14 or Gα15) from Gq/11-
subfamily did not affect the muscle’s response to ACh or light, indicating that 
melanopsin signals to both Gαq and Gα11 in the iris muscle cells. Iris sphincter 
isolated from Plcβ2-/- animal also showed defective response to light flashes, but 
the response to ACh stimulation was largely preserved, suggesting that different 
sets of PLCβs are expressed in light-responsive versus light-irresponsive 
sphincter muscle cells. Knockout of Itpr1 eliminated both light- and ACh-induced 
muscle contraction, indicating that the response to both stimuli relies on release 
of Ca2+ from the intracellular store.  
The overall conclusion from this work is that the light induced muscle contraction 
is generated from a subpopulation of sphincter muscle cells that express 
melanopsin. The contractions of the iris sphincter muscle elicited by ACh and by 
light are via separate signaling pathways, although these pathways converge at 
the step of actin-myosin interaction triggered by a rise in intracellular Ca2+ 
concentration. This study generated the first molecular and genetic analysis of 
the iris-based photoreceptors, expanded our knowledge on the mechanism of 
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1.1    General structure of the mammalian iris 
 
The iris is a circular structure surrounding the pupil of the eye, responsible for 
controlling the amount of light entering the eye interior. It consists of three layers1. 
The most anterior layer is a pigmented fibrovascular stroma, followed by a 
smooth muscle layer (including the sphincter and the dilator muscle), and the 
innermost layer is the iris pigmented epithelium (IPE). The pigment in both the 
iris stroma and IPE prevents light from passing through the iris into the eye, 
restraining it to the pupil. The shape of the pupil varies in different species. In 
rodent and primate, the pupil is circular in both dilated and constricted conditions. 
Ambush predator has vertically elongated pupil when contracted. In grazing 
animal, however, the constricted pupil is horizontally elongated2.  
The size of the pupil is set by an antagonistic action between the sphincter 
muscle and the dilator muscle1. The sphincter muscle of the iris is annular band 
of smooth muscle running parallel to the edge of the pupil, which contract the 
pupil in a circular motion. The dilator muscle pulls the iris radially to enlarge the 
pupil.  
1.2    Musculature: sphincter pupillae and dilator pupillae 
 
The sphincter muscle lies closer to the pupil, occupying a fraction of the radial 
width of the iris (known as the sphincter pupillae). The muscle cells are in close 
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apposition to each other, with extremely reduced intercellular space. The size of 
the muscle cells was estimated to be similar to those of visceral muscle cells (3-5 
µm in diameter in the region of their nuclei, and 150-250 µm long)3,4. The 
transverse section of the muscle displays caveolae and gap junction1,3,5. In 
guinea pig, it was estimated that 0.75% of the cell membrane is occupied by gap 
junctions, considerably higher than the other types of smooth muscle in the same 
species1.  
The dilator muscle (or dilator pupillae) lies closer to the iris pigmented epithelium 
than to the anterior part of iris. These cells are elongated and run radially from 
the edge of sphincter pupillae to the ciliary body. In rat, it was reported that there 
was no overlap between the two muscle types6, although some overlap was 
reported by other authors7. In contrast to the sphincter muscle, the dilator muscle 
cells do not form a continuous layer. The muscle cells are connect to each other 
and to the epithelial cells by gap junctions1.  
1.3    Innervation and control of the mammalian iris smooth muscle 
 
Nerve fibers, originating from ciliary ganglion and superior cervical ganglion, are 
extremely abundant in the sphincter pupillae1,8–12. The fibers of the above origins 
are unmyelinated, often run within the same nerve bundles1. The nerve in the 
sphincter pupillae forms a series of swellings along the terminal portion of the 
axon (known as axon varicosities), where the neurotransmitter-containing 
vesicles can be found. The axon varicosities lie in close vicinity to the sphincter 
muscle, often in contact with two or three cells. In contrast to the situation in the 
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skeletal muscle, the nerve endings in sphincter pupillae do not usually show 
junctional specializations1,4. Therefore, vesicles released from the axon terminal 
diffuse onto several muscle cells. On this basis, it is not surprising that a smooth 
muscle cell may receive a complex of chemical signals from the nervous system, 
both positive and negative in causing its contraction4.  
The cholinergic ciliary ganglion provides motor innervation to the iris sphincter. 
Each neuron issues one single axon, which enters the iris through the ciliary 
body and gives rise to extensive peripheral arborization, innervating not only 
sphincter pupillae, but also dilator pupillae12. The concept of dual innervation of 
the two types of muscles of the mammalian iris has been well established1,8,10. 
Adrenergic fiber originating from superior cervical ganglion also could be 
identified in both of the sphincter pupillae and dilator pupillae. Furthermore, 
varicosities of adrenergic and cholinergic often occur side by side within both 
types of muscles11.  
Sensory fibers originating from the trigeminal ganglion are also present in the 
mammalian iris, including all myelinated fibers and a few of the unmyelinated 
fibers1,13–16. The nerve fibers of the trigeminal ganglion origin are also 
immunopositive for substance P, calcitonin gene-related peptide (CGRP) and 
sensitive to capsaicin treatment14–16.  
The forth ganglion that innervates the mammalian iris is pterygopalatine 
ganglion1. The neural fibers of this origin may contain vasoactive intestinal 
polypeptide (VIP), because removal of ciliary ganglion, superior cervical ganglion, 
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and capsaicin treatment were all ineffective in removing the VIP-immunopositive 
iris nerves1.  
1.4    Receptors in iris sphincter and dilator pupillae and pupillary size 
regulation  
 
The well-accepted scheme for pupillary size regulation is that the 
parasympathetic tone increases as the amount of light reaching the retina 
increases, whereas the sympathetic tone decreases, resulting in the contraction 
of the sphincter muscle by acetylcholine (ACh) released from the cholinergic 
fibers, and relaxation of the dilator muscle. In the course of pupil constriction, the 
retinal light stimulation decreases, therefore the neuromuscular responses are 
reversed: the dilator muscle is activated by norepinephrine (NE) released from 
the sympathetic nerves and the sphincter muscle relaxes.  
This generally-accepted pupillary size regulation, however, is oversimplified, as 
indicated by many histological and functional studies on the double reciprocal 
innervation by cholinergic and adrenergic nerve fibers to both iris muscles1,8,10. 
To fully understand the autonomic regulation of pupil size, the receptors on each 
type of iris muscle need to be reviewed. 
1.4.1 Muscarinic receptors in sphincter and dilator pupillae 
 
ACh receptors in the iris smooth muscle belong to the muscarinic types. There 
are five types of muscarinic receptors, designated M1-M5AChR17. The precise 
nature of muscarinic receptors mediating the contraction of iris sphincter muscle 
has been deduced from both biochemical and pharmacological studies from 
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different animal species. All five types of muscarinic receptors were identified in 
the human eye by immunoprecipitation, of which M3AChR predominates in the 
sphincter muscle18. In situ hybridization revealed that bovine iris sphincter also 
contains predominantly the M3AChR19. Functional studies using knockout mouse 
lines have lent further support to the role of M3AChR in activating iris sphincter 
contraction20,21. The still incomplete removal of pupillary reflex in mice lacking 
M3AChR suggests the involvement of other subtypes of muscarinic receptors21. 
The antagonist profile of muscarinic receptors in rabbit iris sphincter is 
inconsistent with M1-M4AChR22, postulating the role of M5AChR in the sphincter 
contraction.  
Muscarinic receptors are also present in the dilator pupillae. It has been known 
that application of a low dose of ACh (≤1 µM) results in a relaxation of the dilator 
preparations isolated from cat23, rat6, cattle24, pig25 and human9. The ACh-
induced dilator muscle relaxation is blocked by atropine, possibly through the 
antagonization of the muscarinic inhibition of NE overflow (due to the basal 
release of ACh in the iris)26. The observation of parasympathetic denervation that 
also abolishes ACh-induced relaxation of dilator muscle further indicates the 
existence of prejunctional muscarinic receptors27. These prejunctional receptors 
in rat28 and rabbit29 are of the M2-subtype. Therefore, the relaxation effect of ACh 
on the iris dilator is likely from the presynaptic inhibition of NE release in the 
dilator pupillae.  
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The action of ACh on rat iris dilator muscle is complex, with a relaxation to low 
dose of ACh (≤1 µM), but a contraction to higher dosage (≥ 1uM). By using 
antagonists against different muscarinic receptor subtypes (M1-M5), Masuda and 
colleagues30 demonstrated that the muscarinic receptor mediating the contraction 
of dilator appears to be M3-subtype. The ACh-induced contraction of rabbit dilator 
muscle was reported by Persson and Sonmark31. The contraction of the dilator in 
response to ACh is ~3 times smaller compared with that induced by 1-
noradrenaline or 1-adrenaline. Atropine and alpha-adrenergic receptor antagonist 
blocked the ACh and 1-adrenaline induced dilator muscle contraction, 
respectively. These results suggest that the rabbit iris dilator muscle contains 
both muscarinic and adrenergic receptors, although the muscle contraction 
generated from the adrenergic receptor is dominant. 
1.4.2 Intracellular signaling by muscarinic receptors 
 
It has been generally accepted that M1, M3, M5-subtypes of muscarinic receptors 
signal via pertussis toxin insensitive Gq/11 family of G-protein to phospholipase C-
β (PLCβ), thus mobilizing intracellular calcium and causing muscle 
contraction32,33. M2 and M4-subtype of receptors preferentially activate Gi family 
of G-proteins, leading to decrease in cAMP production and Ca2+ conductance32,33.  
The important role of Ca2+ in the activation of smooth muscle contraction, 
including iris sphincter muscle, has been well established. The activated PLCβ 
produces two second messengers, inositol triphosphate (IP3) and diacylglycerol 
(DAG) through the hydrolysis of phosphatidylinositol 4,5-bisphosphate 
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(PIP2)1,34,35. In smooth muscle, Ca2+ could enter the cell via voltage gated ion 
channels on the plasma membrane, or be mobilized from intracellular store by 
second messengers35. The observation of loss of contractile response to ACh 
after Ca2+ depletion from the bath solution36 could be explained by either an 
exclusive dependency on the entry of extracellular Ca2+, or a rapid loss of stored 
Ca2+. In light of the differential inhibitory effect of D-600 (calcium channel blocker) 
on ACh and K+-depolarization induced Ca2+ increase36, and lack of membrane 
potential change in response to ACh, the involvement of intracellular store may 
prevail in causing the contraction of iris sphincter muscle.  
In iris sphincter muscle, rising in intracellular Ca2+ in response to ACh activates 
calmodulin, which then in turn activate myosin light chain kinase (MLCK). 
Phosphorylation of myosin light chain by MLCK allows it to cross-bridge with 
actin, thus generating serial conformational binding cycles and muscle 
contraction34.  
1.4.3 Adrenergic receptors in sphincter and dilator pupillae 
 
Adrenergic receptors can be divided into α- and β-receptors based on Ahlquist’s 
classification37. Each adrenergic major type can be further divided into two or 
more additional subtypes. α1-receptors are excitatory in terms of causing muscle 
contraction, because they signal via Gq/11-PLC pathway to mobilize intracellular 
calcium38. β-receptors, on the other hand, are inhibitory as they activate Gs39 to 
stimulate the production of cAMP (smooth muscle relaxant).  
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The rabbit iris sphincter muscle contains numerous muscarinic receptors, thus 
producing strong contraction in response to ACh. However, there are also β-
adrenergic receptors present in the sphincter muscle31, which was demonstrated 
by the fact of 50% inhibition of the maximal sphincter muscle contraction in the 
presence of β-adrenergic specific agonist31. In cat iris, low dose of NE often 
induces contraction of the sphincter muscle23. In contrast, response to high 
dosage of NE are variable, including contraction, relaxation, and biphasic 
response consisting of a contraction followed by relaxation40. The mixed behavior 
might reflect the different percentage of excitatory α-receptor and inhibitory β-
receptor in the sphincter muscle1. Dilator muscle, for instance in rabbit, has 
numerous alpha-adrenergic receptors, but only a few beta-adrenergic receptors 
and muscarinic receptors. Therefore, the dilator muscle produces a strong 
contraction to adrenergic stimulation.  
To sum up, the distribution and function of different types of receptors agree with 
the dual innervation of cholinergic and adrenergic fibers into both of iris muscles, 
and the synergistic function of sphincter and dilator muscle in pupil size control. 
Adrenergic nerve stimulation may cause a contraction of dilator muscle and 
relaxation of sphincter muscle, thus pupil dilation. Cholinergic nerve stimulation, 
on the other hand, may contract both muscles. However, ACh-induced 
contraction of dilator is negligible comparing with the contraction of sphincter 
muscle, and of minimal effect in affecting the overall size of the pupil. 
1.5    Photosensitivity of the iris muscle cells 
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In addition to the neural regulation of pupillary reflex, it has long been known that 
the isolated irises from a wide variety of vertebrates, from fish to mammal, 
contract in vitro when light is shone on them4,41–45. Because of the iris is isolated 
from the rest of the brain, it was generally believed that the direct contractile 
response to light (also known as photomechanical response, or PMR) originating 
from the sphincter muscle cells that possibly express a photoreceptive protein4.  
1.5.1 Discovery of the photomechanical response (PMR) 
 
In neurally driven consensual reflex, both eyes constrict in response to 
illumination of one eye. Conversely, experiments demonstrating the presence of 
PMR in early days often use a local stimulation focusing on the iris alone, and 
ask if the contraction of the sphincter pupillae could be elicited in vivo. This 
method, unfortunately, is not very sensitive, and consequently, PMR has been 
confused as a general phenomenon4. An isolated preparation containing the 
anterior chamber of the eye or the iris sphincter pupillae was then used as a 
more reliable strategy to identify PMR in different species. 
The PMR in frog has been studied most extensively, and it was also reported that 
it exists in virtually all amphibians examined4. To exclude the possibility of 
pupillary constriction resulted from any light scattering on to the retina, Steinach46 
demonstrated that PMR persists in the isolated frog iris. He also investigated the 
location of the photosensitive sphincter cells by using a light spot to stimulate 
different regions in the isolated frog iris, and pointed out that the light spot 
focusing on the internal edge of the iris is most effective in inducing muscle 
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contraction. Furthermore, the contraction generated from the locally stimulated 
area spreads to the other side of the iris.  
To identify the photoresponsive protein in the frog iris, Magnus stimulated the 
isolated frog iris by a spectrum of light emitted from a prism, and claimed that the 
largest response was obtained by green light stimulation, suggesting that the 
underlying pigment is rhodopsin47. However, he also reported that the PMR was 
affected by atropine, suggesting that the contraction of iris sphincter was not due 
to a direct effect of light on muscle fibers, but was mediated by way of neural 
element within the iris. This is not in agreement with other in vivo experiments 
showing that a lethal dosage of atropine did not abolish PMR48. The results 
described by Magnus was possibly due to the irreversible damage to the muscle 
during experiment as the response to both light and electricity decreased 
together42,49.  
Barr and Alpern provided more quantitative analysis on the PMR in frog iris42. 
The action spectrum of the isolated frog iris was generated by plotting reciprocal 
of quantal number required for producing the same amplitude of response under 
the conditions where the magnitude of response is proportional to the number of 
incidental quantal42. The action spectrum was not in a complete agreement with 
the absorption spectrum of rhodopsin, suggesting that the PMR in frog may not 
be solely mediated by rhodopsin42. The ineffectiveness of adrenergic and 
cholinergic inhibitors on the PMR ruled out the possibility of NE or ACh in 
inducing the muscle contraction in response to light stimulation. However, the 
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possibility remains that the photoreceptive protein, i.e. rhodopsin, resides in non-
muscle cells, which activates the contraction of muscle cells by releasing factors 
that are permeable to the cell membrane42. The source of Ca2+ in activating 
muscle contraction was also examined by the authors. When the muscle was 
placed in Ca2+ free solution, the duration for the response amplitude to drop to 
50% of the maximum level was about one hour and a half, which is too slow to 
be considered as a function of removing Ca2+ from the extracellular space. 
Similar to the ACh induced muscle contraction, membrane depolarization is not 
required in the PMR42.  
1.5.2 PMR in mammals 
 
Bito and Turansky provided the first study of PMR in three rodent species: rat, 
hamster, and guinea pig43. The light response can be demonstrated on the 
isolated anterior segment of eyes from hamster and, to a much less extent rat, 
but not guinea pig. The greatest photosensitivity of the isolated hamster iris was 
observed to light of 440-500 nm. With 1µM atropine, a concentration that is 10 
times higher than that to abolish miotic effect (pupil constriction) of carbachol 
(cholinergic agonist), the PMR was largely preserved in the isolated hamster iris. 
The light sensitivity is a general and pronounced phenomena in pigmented and 
albino hamster. However, a considerable animal-to-animal variation exists, 
possibly due to the use of pupil arear as a readout for the light response.  
In 2011, a study by Xue and colleagues identified that the direct response of 
isolated iris to light is widespread across non-primate mammals by measuring 
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the force generated from muscle contraction45. The animals tested positively for 
the intrinsic pupillary light reflex (iPLR) are either nocturnal (e.g. mouse, rat, and 
hamster), or crepuscular (e.g. dog, cat, and rabbit). None of the primates tested, 
including both nocturnal and diurnal, showed any iPLR. The authors further 
demonstrated the functional implication of iPLR in vivo by isolating the intrinsic 
response from the consensual reflex through optic nerve transection. The results 
suggest that the iPLR starts to be activated when the ambient light reaches a 
level that equals to common room light. Furthermore, the iPLR itself is able to 
drive pupil constriction to 80-90% to completion. In short, nocturnal/crepuscular 
non-primate mammals tend to have an iPLR. It is at present not clear what 
causes the disappearance of iPLR in primate, even though the mRNA of the 
photoreceptive gene (see 1.5.4) is present in the iris. 
1.5.3 The relationship between iPLR and neural control of PLR 
 
The importance of cholinergic stimulation relative to the iPLR has been evaluated 
in amphibians, whose pupil is primarily closed by the direct light-induced 
contraction of the sphincter muscle. In lower vertebrates, the iPLR plays more 
significant role in controlling pupil diameter. In the case of Cyclostomes, whose 
pupil was reported to be devoid of neural innervation, the only way to activate 
pupil constriction is via the direct effect of light on the sphincter muscle4. In 
mammals, however, the iPLR is weaker relative to the nerually driven PLR. For 
example, in rabbit and rat, maximum muscle contraction induced by light is about 
one tenth of the strength in response to millimolar of ACh. However, the exact 
ratio between the two needs to be revisited by more quantitative and 
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reproducible measurements. Furthermore, the iPLR becomes activated under 
higher light intensities (see also Ref 45), sustaining pupil constriction under the 
condition of decreased outflow of retinal activity in the course of pupillary reflex. 
1.5.4 Light responsive protein in mammalian iris 
 
The action spectrum of the isolated mouse iris fits an A1 pigment spectrum with a 
λmax of 480 nm, coincided with the absorption peak of melanopsin, which is the 
visual pigment that is primarily expressed in a subset of the retinal ganglion cells. 
Genetically, knockout of opn4, which is the gene encoding melanopsin, abolished 
the muscle’s response to light. The potential role of rhodopsin or cryptochromes 
in the iPLR has been ruled out by examining the muscle’s light response using 
corresponding knockout mouse lines. Rhodopsin mRNA could be detected in the 
mouse iris, however, its functional significance is not clear.  
Melanopsin-expressing ganglion cells (also called intrinsically photosensitive 
retinal ganglion cells, or ipRGCs) are the third class of photoreceptors in 
mammalian eyes. These cells, like the conventional ganglion cells, not only 
receive light information from rods and cones, but also respond directly to light 
stimulation. Melanopsin is the photoreceptive protein in ipRGCs, and that 
different types of non-photosensitive cells can be made photoresponsive by 
introducing melanopsin. The molecular mechanism of how melanopsin transduce 
light signal has been investigated45. In many ways, the vertebrate melanopsins 
resemble invertebrate-like photopigments, which use phospholipase C-mediated 
phototransduction cascade. Indeed, melanopsin activates phospholipase Cβ-4 
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(PLCβ4), leading to the opening of Transient receptor potential channels 6 and 7 
(TRP6 and TRP7). The Gα subunit signals between melanopsin and PLCβ4 
remains unknown. Pharmacological evidence suggest that it should belong to 
Gq/11 subfamily50. However, in vitro expression suggests the ability of melanopsin 
to activate G-proteins from multiple subfamilies. In fact, many G-protein coupled 
receptors are promiscuous, therefore experimental evidence from non-native cell 
types only reflects activation of whatever signaling components that are available, 
and may not translate to in vivo physiology. 
1.5.5 Cellular and Molecular mechanism of the iPLR in mouse 
 
The iPLR persists in an isolated iris preparation, indicating that melanopsin-
expression is very likely to be found in the iris sphincter muscle cells, or cell 
types that are in close vicinity of the smooth muscle. By using a mouse line that 
express the fluorescent protein tdTomato under the control of melanopsin 
promotor, Xue and colleagues reported the fluorescent signal in the inner margin 
of the iris45. Melanopsin immunoreactivity also partially colocalized with a smooth 
muscle marker. However, strictly speaking, because melanopsin 
immunoreactivity is more widespread than the sphincter muscle region, 
contraction is not necessarily initiated by light absorbed just in the muscle itself45.  
Recently, two groups51–54 identified melanopsin-positive neural processes on the 
edge of the iris. Studies from Rupp and colleagues51 suggest that they originate 
from a subset of M1 ipRGCs (which express the highest level of melanopsin), 
and that the light response of the isolated iris is not from the photosensitive 
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muscle cells, but rather being mediated by the direct projections from iPRGCs to 
the iris muscle. The authors proposed that the ipRGCs axonal collaterals travel 
intraocularly and presynaptically drive the parasympathetic cholinergic terminals 
innervating the muscle. The fact that in vivo application of atropine, which 
antagonizes the excitatory parasympathetic innervation to the sphincter muscle, 
abolished the pupil constriction is not inconsistent with the role of cholinergic 
synaptic transmission in light-induced sphincter muscle contraction. However, 
application of atropine not only inhibits sphincter muscle, but also increases the 
NE overflow to the dilator muscle due to the reverse of the inhibitory effect of 
M2AChR on the sympathetic nerve terminal (see section 1.4.1). In short, to ask 
specifically whether the sphincter muscle is photoresponsive, there is no better 
preparation than directly measuring the light effect on the isolated mouse iris 
sphincter. 
1.5.6 PMR in birds 
 
The isolated embryonic chicken iris sphincter muscle is also able to contract in 
response to light stimulation55,56. The action spectrum of chicken iris indicates 
that it is most sensitive to short-wavelength light stimulation, consistent with the 
involvement cryptochrome rather than other visual pigment56. Moreover, the iris 
photosensitivity was not affected by depletion of retinoid or inhibition of known 
visual transduction pathways56. Consistent with these results, knockdown of 




Cryptochromes are a class of highly conserved, photoreceptive proteins, 
consisting of 50-70 kDa apo-proteins covalently bound to two flavin-cofactors57. 
Both cofactors are held within the N-terminal domain of the apo-protein. The C-
terminal domain is of variable length and is involved in interacting with 
downstream signaling proteins57. Structurally, cryptochromes are similar to 
photolyases that catalyze the light-dependent repair of butane pyrimidine 
dimers57. Unlike photolyases, cryptochromes have lost the DNA repair activity, 
but have gained novel signaling functions. Cryptochrome proteins are present in 
both plants and animals. In plant, the photo-activation of cryptochrome leads to a 
conformational change, which in turn affects protein-protein interactions to 
regulate various developmental processes58,59. Based on their role in circadian 
rhythm, animal cryptochromes can be classified into two groups: type-I 
cryptochrome is light-responsive, directly feeding light information into the 
circadian clock; type-II cryptochrome, on the other hand, is thought to be light-
irresponsive and to act as a transcription repressor60–64. Although classified as a 
type-II cryptochrome, chicken cryptochrome is able to act as a blue-light receptor 
responsible for the PMR of isolated chicken iris56. However, nothing is known 
about the downstream effectors that link the photo-activation of cryptochrome to 
muscle contraction. 
The chicken iris sphincter muscle undergoes a smooth to striatal transition during 
development55. Interestingly, the PMR in chicken only exists for a short period 
(from embryonic day 12 to embryonic day 28), coincided with the time course of 
the disappearance of smooth muscle in the iris.  
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1.6    Objective 
 
Despite the widely-accepted picture of the neutrally driven PLR, it has also been 
reported that even in isolation, the iris sphincter is capable of a light induced 
contraction. In mouse, the intrinsic pupillary light reflex (iPLR) in mouse requires 
melanopsin. In this study, we aim to understand the cellular and molecular 
mechanisms underlying the photosensitivity of mouse iris. To elucidate the 
mechanism of light response of the isolated mouse iris sphincter, we will identify 
the photoreceptive cell types in the mouse iris by genetic labeling method, and 
also examine the involvement of cholinergic synaptic transmission in activating 
light-induced muscle contraction. To identify the signaling components in the 
mouse iris, we will isolate the iris from knockout mouse lines missing one or more 
candidate genes, and examine the muscle’s response to light and acetylcholine. 
Finally, given the recent concerns of overlabeling using very sensitive reporter 
lines, we will generate tissue-specific melanopsin mouse model, and investigate 
the effect of tissue-specific ablation of melanopsin expression on the PLR both in 







2. Experimental Procedures 
 
2.1    Animals 
 
The genetically-engineered mouse lines used in this study including: Gαqf/f (Ref 
65), Gα11-/- (Ref 65), Gα14-/- (Ref 66), Gα15-/- (Ref 66), Plcβ1-/- (Ref 67), Plcβ2-/- 
(Ref 68), Plcβ3-/- (Ref 69), Plcβ4-/- (Ref 70) , Itpr1-/- (Ref 71), Itpr2-/-;Itpr3-/- (Ref 
72). Gαqf/f;Gα11-/- double- and Gαqf/f;Gα11-/-;Gα14-/- triple-knockout lines were 
generated by crossing the corresponding lines. Gαqf/f;Gα11-/- and Gαqf/f;Gα11-/-
;Gα14-/- lines were crossed with Opn4-Cre BAC transgenic line (see below) to 
selectively knockout Gαq, Gα11 and/or Gα14 in melanopsin-expressing tissues. 
C57BL/6J (which was the genetic background for many of the lines) animals 
were used as WT controls. To obtain reproducible force measurement, the age of 
the animals use in this study was set as 3 months ± 5 days. For Plcβ1-/-, 2-year-
old animals were used due to limited number of homozygous animals. Itpr1-/- 
homozygous animals die before postnatal day 25-28, so 3-week old homozygous 
were used for experiments.  
2.2    Generation of the Opn4-Cre line (By Wendy Yue, Laboratory of 
King-Wai Yau) 
 
The Cre recombinase cDNA, followed by the rabbit β-globin poly-A signal, were 
inserted immediately after the start codon of exon 1 of the mouse Opn4 gene in a 
bacterial artificial chromosome (BAC) clone (BACPAC Resource Center, RP23-
340N18) by bacterial homologous recombination. Successful modifications were 
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confirmed by PCR and Southern blot. The modified BAC was linearized by 
enzyme digestion with AscI and SrfI, and subsequently injected into the pronuclei 
of B6SJLF2 embryos at the Transgenic Core Laboratory of Johns Hopkins 
University School of Medicine. Three transgenic founders were identified by PCR 
on genomic DNA (Forward primer: 5’- TGTGAA GGACAGAGCCTCCT -3’; 
Reverse primer: 5’- CAGCCCGGACCGACGATGAAG -3’) and were bred with 
wildtype C57BL/6J mice to establish transgenic lines. One of these lines showed 
specific expression of tdTomato in ipRGCs when crossed to the Ai9 or Ai14 
Rosa-tdTomato line–85% of melanopsin-immunopositive cells were tdTomato-
labeled and 91% of cells showing tdTomato fluorescence were immunopositive 
for melanopsin (total 2342 cells from 3 animals analyzed). Some of the 
tdTomato+, OPN4-immunonegative cells may be M4 or M5 ipRGCs, which were 
reportedly not stained by melanopsin antibody (AB-N38, Advanced Targeting 
Systems, 1:2500 dilution) under regular conditions (see below). 
Electrophysiologically, all cells labeled by Opn4-Cre-driven reporters (lines Ai9 
and Ai14) and tested so far were intrinsically photosensitive (>150 cells). To 
quantify the number of reporter-labeled sphincter muscle cells in the iris, images 
of individual tdTomato-positive muscle cells was taken, and their lengths were 
measured by ImageJ. The number of melanopsin-expressing sphincter muscle 
cells per iris was calculated by dividing the total length of all groups of tdTomato-
positive sphincter cells by the average length of individual cells (344 ± 58 µm, 
mean ± SD, n = 8). 
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2.3    Generation of the floxed-opn4 line 
 
Targeted C57BL/6N embryonic stem cells were obtained from UCDAVIS KOMP 
repository (clone EPD0642_3_D12), and subsequently injected into the B6(Cg)-
Tyrc-2J/J blastocysts at the Transgenic Core Laboratory of Johns Hopkins 
University School of Medicine. The mice generated from successful germline 
transmission were heterozygous for the knock-out first allele. Exposure of the 
construct to flippase [by in vivo breeding with ACTB:FLPe B6J mouse line (The 
Jackson Laboratory)] resulted in removal of the trapping cassette and expression 
of the Opn4 gene. The second exon of Opn4 was remain floxed, but was later 
removed conditionally after breeding to the Myh11-Cre mouse line (The Jackson 
Laboratory), resulting in a loss-of-function allele in smooth muscles. Genotyping 
primers for the floxed alleles are as follows: Floxed-opn4 (PostFlp) forward: 5’-
TCTACACAGTGGCTGAGACAAGAGG-3’, Floxed-opn4 (PostFlp) reverse: 5’- 
AAGAGGGAGTGAAAGGCTCAGATGG-3’ (product 710bp); Wild type primers 
are the same as the primers for genotyping the floxed allele, except that the 
product is 554 bp.  
2.4    Solutions 
 
For iris-sphincter-muscle force measurement, the bath solution was bicarbonate-
buffered Ames medium (Sigma). Cholinergic synaptic transmission was blocked 
by 10 μM Atropine (Sigma). 250 µM DL-2-Amino-4-phosphonobutyric acid 
(Sigma), 20 μM DNQX (Sigma), and 50 μM DL-2-Amino-5-phosphonopentanoic 
acid (Sigma) was used to block glutamatergic synaptic transmission. 1 μM 
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tetrodotoxin (Alomone Labs) was applied to muscle to block any action potentials 
from the residual ipRGC axonal terminals. 1 mM L-glutamic acid (Sigma), 100 
nM PACAP (Pituitary Adenylate Cyclase-Activating Polypeptide) 1-27, 1-38 
(Tocris, UK) was applied to the iris to test whether any contraction could be 
elicited. To reduce the desensitization effect of metabotropic glutamategic 
receptors, 100μM of cyclothiazide (Tocris) was applied together with glutamate. 
100nM of PACAP 6-38 (Tocris) was used as antagonist for PACAP receptors. 
Two broad-spectrum gap junctional blockers octanol (500 µM, Sigma) and 
carbenoxolone (200 µM, sigma) were used for testing the role of gap junctions in 
the light-induced contraction of the isolated iris sphincter muscle. 
2.5    Iris sphincter muscle force measurement 
 
The isolated iris-sphincter-muscle was prepared as previously described 45. An 
enucleated eye from an overnight dark-adapted mouse was used. The anterior 
chamber of the eye was initially excised by a circumferential cut along the ciliary 
body. The dilator muscle was subsequently trimmed away by using razor blade. 
Next, the iris sphincter muscle was separated from the cornea, transferred into 
the recording chamber superfused with Ames medium (equilibrated with 
95%O2/5%CO2) at 36-37ºC and a flow rate of 3 ml/min. With infrared light and 
viewers, the muscle ring was mounted horizontally on an upright microscope 
between two stainless-steel hooks attached to micromanipulators. One hook was 
fixed and the other attached to a force sensor (see below). The muscle ring was 
slowly stretched to a length of 1.0-1.2 mm for 3-month old animals (for older 
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animals, the length of the muscle was 1.3-1.5 mm) which by trial and error was 
found to give roughly maximum force-generation. 
Muscle force was measured with a fabricated device as previously published 45. 
The device contains a single-crystal silicon strain-gauge with μ-Newton sensitivity 
(AE-801, Sensor One), and the signal was amplified with custom circuitry (Fig. 1). 
The force sensor was coated with a suspension of carbon powder in silicone in 
order to protect it from light and moisture. The voltage output of the sensor was 
proportional to the applied force (187 μN/V, calibrated by hanging various pre-
measured weights fabricated from a thin silver wire), with a non-linearity of <0.1%. 
The signal was digitized by Digidata 1440A and acquired by pClamp 10.0.  
For light responses, the muscle contraction was induced by delivering brief light 
flashes, where light intensity and duration are proportionally interchangeable 
without affecting the response. The light response of the mouse iris recovers 
quite slowly, so we separated light stimulation trials by≥10 min intervals. Hg-light 
was used in conjunction with an interference filter, centered at 436 nm (10 nm 
bandwidth). Light was delivered through a 5X objective as a uniform spot of 5-
mm diameter on the muscle for mouse, large enough to cover the entire 
preparation. When white arc light was used on iris muscles for saturating the 
response, the white flashes were converted to equivalent 436-nm or 480-nm 
flashes by response-matching in the linear range with dim light.  
The delivery of acetylcholine (ACh) and was controlled by solenoid valves. After 
a period of base line recoding, the bath-applied Ames medium was switched to 
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ACh of different concentrations. Once the steady state of a response was 
reached, the ACh was immediately switched off and the Ames channel was 
switched on to wash out the ACh.  
2.6    In situ pupillometry 
 
All animals were kept in 12 hr/12 hr light/dark cycle before experiments. The 
experiments were performed between 2 hours after lights-on and 2 hours before 
lights-off with >1-hr dark adaptation. To simultaneously monitor the pupillary light 
reflex in both eyes, we used a pupillometer with LED light for stimulation via a 
Ganzfeld sphere as previously descirbed45. The stimulated ipsilateral eye was 
monitored continuously with a miniature, infrared CCD camera (with an 850 nm 
long-pass filter) and illuminated with an infrared LED light (>850 nm) placed 
inside the Ganzfeld sphere, which have access to the sphere exterior via the 
opening of the Ganzfeld. The unstimulated contralateral eye was monitored with 
another infrared CCD camera with illumination from the infrared LED light. Light 
in the Ganzfeld interior was prevented from leaking out and stimulating the 
contralateral eye by using foam lining around the stimulated eye. Videos for both 
eyes were digitized and recorded at a frame rate of 5 Hz. A data-acquisition 
board (NI USB-6211, National Instruments) and custom software were used for 
triggering recordings and light stimulation simultaneously. The maximum pupil 
constriction in the ipsilateral, illuminated eye during the 30-sec light period was 




2.7    Immunohistochemistry 
 
All animals were anesthetized by intraperitoneal injection of ketamine (100 mg/kg 
body weight) + xylazine (5 mg/kg body weight) and perfused with phosphate 
buffered saline (PBS) followed by 4% paraformaldehyde in PBS. The eyes were 
enucleated, with all posterior tissue and lens removed. The irises and retinas 
were fixed for 30 min at room temperature in 4% paraformaldehyde in PBS, and 
blocked with 1% tyramide blocking reagent (Life Technologies) in 0.5% Triton X-
100 in PBS over night at 4°C. The primary antibodies used in this study including 
polyclonal antibody against mouse melanopsin (AB-N38, Advanced Targeting 
Systems, 1:2500 dilution), polyclonal antibody against α-smooth muscle actin 
(ab21027, AbCam, 1:150 dilution), polyclonal antibody against M3 muscarinic 
receptor (AS3741S, Research and Diagnostics Antibodies, 1:250 dilution), 
polyclonal antibody against Pax6 (PRB-278P, Covance, 1:500 dilution), 
polyclonal antibody against GFP (A11122, Molecular Probes, 1:500 dilution), 
After washing, the tissue were exposed to secondary antibodies at 1:500 dilution 
for 3 hours at room temperature. Sections were mounted with anti-fade reagent 
containing 4',6'-diamidino-2-phenylindole (DAPI) and cover-slipped. Images were 
captured on a Zeiss LSM 510 confocal microscope.  
For X-gal staining, Mouse irises and retinas were fixed in 0.2% glutaraldehyde in 
0.1 M phosphate buffer containing 2 mM MgCl2 and 5mM EGTA for 15 min. The 
tissue was then washed in 0.1 M phosphate buffer containing 2 mM MgCl2, 
0.01 % sodium desoxycholate and 0.02 % Nonidet P-40 for three times. Staining 
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was carried out at 37 °C (over night) in a solution of the above buffer containing 
X-Gal at a final concentration of 1 mg/ml, 5 mM K3Fe(CN)6, and 5 mM-K4Fe(CN)6.  
For alkaline phosphatase staining, the tissues were fixed in 0.2% glutaraldehyde 
in 0.1 M Tris-HCl. The endogenous alkaline phosphatase activity was blocked by 
heat inactivation at 65 °C for 30min. Staining was carried by using Vector® Blue 
Substrate Kit (Vector labs) following manufacturer’s instructions.   
2.8    Quantitative RT-PCR 
 
Total RNA was extracted from the mouse iris and retina using the TRIzol 
Reagent (Invitrogen) according to the manufacturer’s instructions. First-strand 
cDNA was synthesized from 2 µg DNase-treated total RNA using an oligo-dT15 
primer and SuperScript® III reverse transcriptase (Invitrogen). Quantitative-PCR 
amplification and analysis were carried out with SYBR Green PCR Master Mix in 
an Applied Biosystems 7500 Real-Time PCR System by using the following 
primer sets: Opn4S (5’-GCTACCGCTCTACCCACC-3’ and 5’-
CTACATCCCGAGATCCAGACTG-3’), Opn4L (5’-GCTACCGCTCTACCCACC-3’ 
and 5’-CACCTTGGGAGTCTTAGATCTCTG-3’), β-actin (5’-AAAGAGAAGCTG 
TGCTATGTTG-3’ and 5’-CATAGAGGTCTTTACGGATGTC-3’). The specificity of 
the SYBR green PCR signal was further confirmed by a melting curve analysis 
and agarose gel electrophoresis. To estimate the relative abundance of two 
mouse Opn4 isoforms, Opn4S and Opn4L, and standard DNA templates were 
generated by ligating the respective amplicon into the pGEM®-T Easy Vector 
(Promega). Standard curves were generated by plotting the threshold cycle (CT) 
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against the log copy number of the starting standard DNA templates. The 
absolute copy number for Opn4S or Opn4L in each sample was calculated based 
on the standard curves, which were further divided by the absolute copy number 
of β-actin in the same sample. The abundance of individual isoform in iris or 
retina was normalized to that of Opn4L in the retina.  
2.9    Knockdown of chicken cryptochrome 1 and 2 (cCry1 and 2) by 
morpholino-modified oligonucleotides 
 
Splicing-blocking morpholino oligos were chosen as gene knockdown reagent 
because its activity can be conveniently assayed by RT-PCR. Splicing-blocking 
oligos conjugated with 3’-fluorescein targeting the junction of the 2nd exon and 
the 2nd intron (E2I2) of cCry1 (5’-TACGCATTTCTAGCATTTACCTTAA-3’) and 
cCry2 (5’-GAAAAGCAGTGTATTCTCTTACTTT-3’) were synthesized, and 
electroporated (25V, 2 pulses/sec, 4 pulses on each side) into isolated irises from 
chicken embryo, followed by 24-48 hr culture post-electroporation. The 
knockdown efficiency was tested using the following primer sets: cCry1E1F: 5’- 
TGGTTCGCCGGCTCCTCCAA-3’, cCry1E4R: 5’-
CTGGCATCTCCAGTGGTTCCATCC-3’; cCry2E1F: 5’- 
CTCGTCGGCCGTGGGCATCA-3’, cCry2E3R: 5’-
CACCAGCCTCCTTGGCCAGTTT-3’. The wildtype bands for cCry1 and cCry2 
are ~400 bp and ~200 bp, and the knockdown bands are ~300bp and ~100bp. 
Expression of β-actin was used as internal control (β-actin F: 5’-




2.10 Cloning and expression of cCry1 and cCry2 
 
Total RNA was extracted from the irises of chicken embryo (embryonic day15, or 
E15) using TRIzol reagent (Invitrogen) according to the manufacturer’s 
instructions. First-strand cDNA was synthesized from 2 μg DNase-treated total 
RNA using an oligo-dT15 as primer and SuperScript™III Reverse Transcriptase 
as enzyme (Invitrogen). To obtain the full length chicken Cry1 (cCry1) and Cry2 
(cCry2) sequences by PCR, the open reading frame of cCry1 was amplified with 
Phusion High-Fidelity DNA Polymerase (NEB) using the gene specific primers 
(cCry1-5UTR: 5’- GCCGGGTCCTAGAGCCAT-3’; cCry1-3UTR: 5’-
CCGGGTGTTAAGTGGTATCTCC-3’), and ligated into the pGEM®-T Easy 
Vector (Promega). The cCry 2 open reading frame lacking the first 30 base pairs 
(cCry2Δ30) was amplified using the following primers: cCry2Δ30 F: 5’-
TTTTGCCGCTCCGTGCAC-3’, cCry2 R: 5’-TGAGCTCTTGCCAGGGATCTC-3’, 
and ligated into the pGEM®-T Easy Vector (Promega). The 30 base pair 
nucleotide at the 5’ end of cCry2 [containing two silent nucleotide substitutions 
(underlined letters)] flanked by Apa1 and Sph1 restriction enzyme sites was 
synthesized (5’- 
CGGATCCCACCATGGCGGCGGCTGCGTCCCCGCCGCGAGGAGCATG 3’). 
The vector containing cCry2Δ30 and the above sequence was digested with 
Apa1 and Sph1, and ligated with each other. Next, recombinant vectors 
containing full-length cCry1 and cCry2 were transformed into competent DH5α E. 
coli, and transformants were selected on LB plate containing 50 µg/ml ampicillin. 
Transformants were further analyzed for the presence of insert by restriction 
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digestion. Recombinant vectors from positive colonies were sequenced to 
confirm for correct insertion. The 4 base pair sequence (CACC) for directional 
cloning was included using the following primers: cCry1 topo F: 5’-
CACCATGGGGGTGAACG-3’, cCry1 topo R: 5’-ATTTGTGCTCTGCCGCTG-3’; 
cCry2 topo F: 5’-CACCATGGCGGCGGCTG-3’, cCry2 R: 5’-
TGAGCTCTTGCCAGGGATCTCCG-3’. Next, the above sequences were cloned 
into pENTR/D/TOPO Vector (Invitrogen). The recombinant vectors were 
transformed into competent TOP10 E. coli, and transformants were selected on 
LB plate containing 50 µg/ml kanamycin. Transformants were further analyzed 
for the presence of insert by restriction enzyme digestion. Recombinant vectors 
from positive colonies were sequenced to confirm the correct insertion. Mouse 
cryptochrome 1 and 2 (mCry1 and 2) were amplified, and subcloned into 
pENTR/D/TOPO vector (mCry1F: 5’- CACCATGGGGGTGAACGC-3’, mCry1R: 
5’-GTTACTGCTCTGCCGCTGG-3’; mCry2F: 5’-CACCATGGCGGCGGCT-3’, 
mCry2R: 5’- GGAGTCCTTGCTTGCTGGCTCT-3’). The inserts in the entry 
vectors were then cloned into the destination vector (pCIG-DV) using LR Clonase 
II Enzyme Mix (Invitrogen). The recombinant vectors were transformed into 
competent TOP10 E. coli, and transformants were selected on LB plate 
containing 50 µg/ml ampicillin. Recombinant vectors from positive colonies were 
sequenced to confirm for correct insertion.  
Recombinant vectors containing cCry1, cCry2, mCry1, and mCry2 were 
expressed in HEK293 cells. Protein extracts (15 μg) from each sample were 
separated by SDS-PAGE (12.5% polyacrylamide gel), and transferred to a 
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polyvinylidene fluoride (PVDF) membrane using BIO-RAD Mini-Trans-Blot SD 
Cell (transfer buffer: 0.25 M Tris, 0.2M Glycine, 20% Methanol). Anti-mouse 
CRY1 and CRY2 polyclonol antibody (from Developmental Studies Hybridoma 
Bank at University of Iowa) was diluted to 1:1000 in TBS-T (10 mM Tris-HCl, 
pH7.5; 150 mM NaCl, 0.1% Tween-20) containing 5% non-fat milk powder, and 
the secondary antibody of horseradish peroxidase (HRP)-conjugated goat anti-
rabbit IgG was diluted to 1:2000 in the TBS-T containing 5% non-fat milk powder. 
Membranes were treated with SuperSignal West Pico Chemiluminescence 






Figure 2-2 Force sensor and calibration. The force sensor element (left) 
consists of two parts, the silicon cantilever beam and the head that the beam is 
mounted. The bean is made of a single crystal N-type silicon and has one ion-
implanted P type resistor on each side. The surface of the bean is passivated 
with thermally grown silicondioxide. The four pins of the head serve as both 
mechanical and electrical connections for the resistors. When the tip of the beam 
is deflected (to the direction indicated by the arrow), the resistor on the 
compressed side will decrease value, and the resistor on the other side will 
increase value. Consequently, the voltage output from each resistor will change. 
The plot on the right shows the relationship between change in voltage and force 
loaded onto the beam (1 V=187 µN).  
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3. Melanopsin signaling in mouse iris 
 
3.1    ACh and light-induced contraction of isolated mouse iris sphincter   
muscle 
 
The iris sphincter muscle was isolated from the eye, loop-mounted and stretched 
horizontally across two anchors with one anchor being connected to a 
micronewton (µN)-strain gauge for measuring isometric tension (Experimental 
Procedures). The muscle and anchors were submerged in a chamber 
continuously perfused with physiological saline solution at 36 C. 
Bath application of ACh produced a robust contraction of the isolated sphincter 
muscle, with little sign of adaptation at least over a period of seconds (Fig. 3-1A, 
also Ref 45). With an optimum stretching of the muscle across the anchors 
(Experimental Procedures), the dose-response relation gave a maximal isometric 
tensile force of 335.48 ± 52.11 µN (mean ± SD, 6 muscles), with a half-saturating 
ACh concentration (K1/2) of 21.5 ± 11.4 µM (mean ± SD, 6 muscles).  
A light flash also produced a muscle contraction (Fig. 3-1B and Ref 45). A light 
flash instead of a light-step was chosen for stimulation because the muscle did 
not readily recover from a light-step even at moderate intensity. The flash 
intensity-response relation gave a maximal isometric tensile force of 88.41±11.1 
µN (mean ± SD, 6 muscles), with a half-saturating flash intensity (σ) of 1.97×109 
± 6.45×108 photons μm-2 (mean ± SD, 6 muscles), ~50-fold as high as that for 
mouse M1 ipRGCs73. In albino mouse, the iris sphincter muscle is more sensitive 
to light, due to the higher light penetration through the non-pigmented tissue (Fig. 
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3-4 C, legend). It is worthy of note that the maximum amplitude of muscle 
contraction, even to a step of light (Fig. 3-1B, top inset), was considerably 
smaller than the ACh-induced response. The large difference between the 
maximal muscle tensions elicited by ACh and by light described above may arise 
from an abundance of muscarinic receptors on the muscle, from the fewer 
number of melanopsin-expressing sphincter muscle fibers (see below). 
The muscle’s response to an intense flash often showed a hump during its decay 
(Fig. 3-1B), indicative of secondary contraction resulted from the initial response. 
Since the existence of gap junctions among the iris sphincter muscles has been 
reported based on anatomical studies5, their functional contribution in the iPLR 
was examined by using pharmacological blockers. The initial peak to a light flash 
was largely preserved in the presence of 200 µM carbenoxolone (CBX). In 
contrast, the secondary hump was reversibly inhibited (Fig. 3-2A). The results 
were further confirmed by testing another gap junction blocker, 500 µM octanol 
(Fig. 3-2B). The data indicate that gap junctions mediate the propagation of 
responses originated from the photo-sensitive sphincter cells, leading to the 
active contraction of adjacent muscle cells.  
When stimulated by light over a background of ACh, the sphincter muscles 
showed more complicated behaviors – the tension inexplicably decreased initially 
(Fig. 3-3) and then rose beyond the ACh-induced baseline tension. As the 
background concentration of ACh increased, the light-induced additional tension 
33 
 
became progressively smaller (Fig. 3-3), which may reflect the known influence 
of smooth muscle’s passive tension on its active tension74.    
3.2    Light-Induced contraction of isolated sphincter muscle is 
independent of cholinergic transmission 
 
We next asked whether ipRGCs’ collateral axonal processes reported to be in 
the iris periphery51–54 indeed, as suggested by others51,52, underlie the local light 
response of the iris sphincter muscle (instead of our previous proposal of an 
intrinsic photosensitivity of the sphincter muscle) by presynaptically driving the 
parasympathetic cholinergic terminals innervating the muscle (see Introduction). 
After 1 hr bath-application of 1 µM tetrodotoxin (TTX) to block any potential light-
induced spike activity in ipRGC axonal processes still on the isolated sphincter 
muscle albeit truncated, the muscle’s flash response was unaffected (Fig. 3-4A). 
To exclude the possibility that melanopsin is expressed on ipRGC terminals and 
is able to drive the parasympathetic cholinergic terminals without involving action 
potentials, we blocked muscarinic ACh synaptic transmission from the 
parasympathetic innervation to the sphincter muscle by bath-applying 10 µM 
atropine (muscarinic receptor antagonist). This treatment completely removed 
the muscle’s response to ACh, but again did not affect its response to light (Fig. 
3-4B, top and bottom). Finally, in irises from mice with genetically-ablated M1 and 
M3 muscarinic receptors [i.e., Chrm1-/-;Chrm3-/- mice; at least M1 and M3 
muscarinic receptors are known to be on the iris sphincter muscle17,20,21], the 
muscle’s response to ACh disappeared but its response to a bright flash 
remained essentially the same as WT (Fig. 3-4C). The Chrm1-/-,Chrm3-/- mice we 
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obtained so happened to have an albino genetic background, explaining their iris 
sphincter muscle being more photosensitive due to a higher light penetration 
through non-pigmented tissue (see Fig 3-4C legend). Together, these findings 
ruled out the possibility of ipRGCs being the activator of the sphincter muscle 
contraction indirectly via the muscarinic cholinergic synaptic transmission as 
proposed by others51,52.  
IpRGCs are known to release glutamate and PACAP75,76. Vertebrate muscle is 
not known to have glutamate receptors, but for thoroughness we decided to 
examine this remote possibility. Bath-application of a mixture of inhibitors for 
ionotropic and metabotropic glutamate receptors (20 µM DNQX for AMPA and 
kainite receptors, 50 µM DL-2-amino-5-phosphonopentanoic acid for NMDA 
receptors, and 250 µM DL-2-amino-4-phosphonobutyric acid for metabotropic 
glutamate receptors) hardly reduced the light response (Fig. 3-5A, top). 1 mM 
glutamate with or without 100 µM cyclothiazide (for reducing the desensitization 
of AMPA receptors) also did not elicit any muscle contraction (Fig. 3-5A, middle 
and bottom). Finally, 100-nM PACAP-receptor agonists (PACAP 1-27 and 1-38) 
did not elicit any muscle contraction, nor did 100-nM PACAP-receptor antagonist 
(PACAP 6-38) reduce the light response (Fig. 3-5B). The PACAP experiments 
are nonetheless only suggestive because PACAP agonists and antagonist, being 
peptides, might not have full access to the postsynaptic sites on the muscle. 
Despite this uncertainty, it remains a more likely scenario that some iris sphincter 
muscle cells are intrinsically photosensitive, as we suggested previously45 and 
substantiated with genetic-labeling below.  
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3.3    Melanopsin-expression in mouse iris  
 
Given the above physiological findings, we sought to visualize melanopsin 
expression in the mouse iris sphincter muscle. We first confirmed our previous 
finding that melanopsin transcripts are present in the mouse iris. By quantitative 
RT-PCR (Experimental Procedures), both splice variants of melanopsin, Opn4S 
and Opn4L, were detected in the iris, with Opn4S expressed at a level ~2 times 
that of Opn4L (Fig. 3-6). Interestingly, there is actually higher melanopsin 
message in the iris than in the retina, but the higher expression of Opn4S than 
Opn4L holds true in both. The functional implication of this differential abundance 
in isoforms is currently unclear (See also Ref 77,78). Next, we checked by 
immunohistochemistry melanopsin protein expression on whole-mount mouse 
irises. Despite a mildly-higher overall immunosignal found in the sphincter-
muscle region, no distinct muscle cells or axon-like structures could be 
unequivocally labeled, broadly similar to our earlier immunohistochemical results 
on cryosections of the mouse iris45. The ambiguous melanopsin-immunosignal in 
the mouse iris was possibly due to its low protein expression level, as, for 
example, in M4 and M5 ipRGCs79. 
We turned to genetic labeling. With X-gal labeling of the iris from albino 
Opn4τlacZ/+ mice80 we found no clear signal in the iris despite good labeling in the 
retina (Fig. 3-7). Previously, with Opn4-tdTomato BAC transgenic mice, we did 
detect tdTomato fluorescence, albeit dim, in the iridic region next to the pupil, 
which is where the sphincter muscle is located45. To enhance the melanopsin 
signal, we generated an Opn4-Cre BAC transgenic mouse line and crossed it to 
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a Rosa-tdTomato (Ai9) or a Rosa-Alkaline Phosphatase (R26iAP) reporter line so 
as to exploit the signal amplification provided by the Rosa26 promoter and 
possibly also by the alkaline-phosphatase-mediated chromogenic reaction. 
Specificity of the Cre-mediated recombination was confirmed in the retina by the 
correct labeling of ipRGCs (Fig. 3-8 and legend). Importantly, as with other 
published Opn4-Cre lines79,81, our Opn4-Cre line was able to reveal even retinal 
ipRGCs (such as M4 cells) that had no obvious melanopsin-
immunohistochemical signal but had been functionally confirmed to be indeed 
intrinsically-photosensitive with electrophysiology. 
In the iris from albino Opn4-Cre;R26iAP mice, we found ~30 labeled sphincter 
muscle cells per iris with characteristic location and shape (Fig. 3-9A; 
Experimental Procedures). These labeled cells represented only a small 
percentage (~10%) of all sphincter muscle cells (total number of sphincter 
muscle cells see Ref 82). Similar labeling was observed in the Opn4-Cre;Ai9 iris 
(Fig. 3-9B), with Opn4-Cre labeled cells co-expressing α-smooth muscle actin 
(αSMA), a smooth-muscle marker (Fig. 3-10A), and M3 muscarinic receptor (Fig. 
3-11C). At least the great majority of sphincter muscle cells, if not all, appeared 
to have the M3 muscarinic receptor (Fig. 3-11B). As such, it is likely, although not 
absolute, that every melanopsin-expressing sphincter muscle cell also has M3 
receptors. The fact that a saturating (1 mM) concentration of background ACh 




Interestingly, based on Opn4-Cre;R26iAP and Opn4-Cre;Ai9 irises, melanopsin 
seemed to be expressed also in the dilator-muscle region (Fig. 3-9), not in the 
muscle cells but in cells located to the posterior layers of the iris (Fig. 3-11A and 
legend). The colocalization of the melanopsin signal with PAX6 (Fig. Opn4f/f, the 
conditional allele B), a transcription factor present in essentially all adult iris 
smooth muscle cells and also iris pigmented epithelial (IPE) cells83,84, suggests 
that these are possibly IPE cells. Occasionally, seemingly the same cells were 
found in the sphincter-muscle region (Fig. 3-9). It is at present not clear whether 
such labeling in the dilator-muscle region represents real melanopsin protein 
expression (versus, for example, transient activation of the melanopsin promoter 
during development) and if so, whether there is any functional implication.  
Consistent with an earlier report54, we also observed a plexus of melanopsin-
immunolabeled processes at the edge of the mouse retina (Fig. 3-12). However, 
we did not detect any obvious invasion of these processes into the ciliary body or 
iris as reported by Ref. 54.  
3.4    Tissue-specific ablation of melanopsin-expression in smooth 
muscle 
 
Given the recent report about the concern of overlabeling using very sensitive 
reporter line85, we decided to demonstrate the presence of melanopsin in the iris 
smooth muscle by reverse genetics. To achieve this goal, the targeted embryonic 
stem (ES) cells (see Attachment 1) was purchased from UC Davis KOMP, and 
produced a knockout-first animal. The expression of Opn4 in those animals were 
disrupted due to the large insertion inside the first intron of Opn4 (Fig. 3-13A). By 
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crossing with a germ-line expressed flippase line, the non-expressive allele (i.e. 
Opn4KOF/KOF) was then converted to the conditional allele (i.e. Opn4f/f, Fig. 3-13A). 
The floxed melanopsin line was then crossed with a smooth muscle-Cre line. The 
smMHC/Cre/eGFP transgene was designed by placing a Cre recombinase gene, 
internal ribosomal entry site (IRES), and an enhanced green fluorescent protein 
(EGFP) gene all downstream of the 16 kb mouse smooth muscle myosin heavy 
chain (smMHC or Myh11) promoter fragment. The expression of Cre in the iris 
sphincter muscle was examined by staining using the anti GFP antibody (Fig. 3-
13B). There is good percentage of sphincter muscle cells express GFP. The 
expression of Cre should be even higher because the GFP was placed 
downstream of the IRES element. The light response of the iris isolated from this 
conditional knockout lines will be examined after obtaining the mice with desired 
genotype.  
The conditional melanopsin knockout also allowed us to probe the functional 
contribution of iPLR in vivo. Because of the iPLR, the overall pupil constriction in 
an illuminated eye should be stronger than the consensual constriction in the 
contralateral, unilluminated eye. Accordingly, we have simultaneously monitored 
both pupils of a mouse with infrared CCD camera, while subjecting one eye to 
light stimulation. The difference in pupil area of the ipsilateral (illuminated) and 
contralateral (unilluminated) eye is most evident under medium light intensity 
(Fig.3-14). Under higher light intensity, the ipsilateral illuminated pupil is still 
smaller than the pupil of the contralateral eye (Fig.3-14). We will do the same 
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experiment using the conditional melanopsin knockout animals, and provide a 
quantitative analysis of the contribution of the iPLR in vivo. 
3.5    Melanopsin signaling mechanism in sphincter muscle 
 
Previously, we have found that the phototransduction mechanism underlying the 
intrinsic pupillary light reflex involves a phospholipase C (PLC)-signaling pathway 
as in ipRGCs45. Given that melanopsin indeed is expressed in the mouse iris 
sphincter muscle, we decided to examine its signaling in more detail, together 
with muscarinic signaling. The isolated sphincter muscle was again used in these 
experiments. 
We first addressed the identity of the mediating G-protein. Given that PLC is the 
enzyme underlying the sphincter muscle contraction, we examined the four 
members of the Gq/11-subfamily. Because unconditional Gαq-/- mice have high 
embryonic lethality, we studied instead the Opn4-Cre;Gαqf/f genotype, in which 
Gαq was knocked out only in melanopsin-expressing cells. The flash-induced 
tension of Opn4-Cre;Gαqf/f sphincter-muscle was not attenuated (Fig. 3-15A). 
Nonetheless, when Gα11 was also knocked out (i.e., with Opn4-Cre;Gαqf/f;Gα11-/- 
genotype), the flash-induced tension decreased by up to 80% (Fig. 3-15A) at the 
highest intensity tested, suggesting functional redundancy between Gαq and Gα11. 
This large effect was in contrast to the situation in ipRGCs, in which the Opn4-
Cre;Gαqf/f;Gα11-/- genotype only mildly reduced the light response59. Knocking out 
Gα14 additionally (i.e., with Opn4-Cre;Gαqf/f;Gα11-/-;Gα14-/- genotype) did not 
further reduce the light-induced muscle response (Fig. 3-15A), indicating that 
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Gα14 has a negligible role. The still-incomplete removal of the Opn4-
Cre;Gαqf/f;Gα11-/-;Gα14-/- muscle’s light response might arise from Opn4’s 
promoter being not strong enough to drive Cre expression and ablate Gαq in all 
melanopsin-positive cells. The reduction in muscle’s light response associated 
with both the Opn4-Cre;Gαqf/f;Gα11-/- and the Opn4-Cre;Gαqf/f;Gα11-/-;Gα14-/- 
genotypes were not from a defective contractile apparatus because the muscle’s 
response to ACh was only moderately reduced (Fig. 3-15B). This weak effect on 
the overall ACh response is not surprising because the mutations only ablate Gαq 
in melanopsin-expressing muscle cells but not the great majority of muscle cells, 
which also bear muscarinic receptors (see above). Because the Gα15 and Gα11 
genes are tightly linked, we were not able to produce quadruple-KO mice, but 
Gα15-/- single-KO muscles showed practically no change in light response from 
WT (Fig. 3-15A).  
Regarding PLC, we previously showed that the Plcβ4-/- genotype reduced the 
sphincter muscle’s light response to ~10% of wild type (WT)45. We checked here 
the possible involvement of the other three PLC isoforms, PLCβ1-3. Plcβ1-/- and 
Plcβ3-/- single-KO sphincter muscles showed little deficit (Fig. 3-16A). In contrast, 
Plcβ2-/- muscles showed severe defect in their response to a light flash (Fig. 3-
16A), essentially the same as observed from Plcβ4-/- muscles45. That both Plcβ2-
/- and Plcβ4-/- single-KO muscles showed greatly diminished light responses was 
not due to a reduced expression of Plcβ4 in iris Plcβ2-/- or vice versa. One 
possible explanation is that a critical level of PLC enzymes is required for 
supporting downstream signaling. We were unable to produce the Plcβ2-/-;Plcβ4-/- 
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double-KO genotype because the Plcβ4-/- single-KO animals were weak, making 
their cross-progenies difficult to generate. Interestingly, the responses of Plcβ2-/-, 
Plcβ3-/- and Plcβ4-/- single-KO sphincter muscles to ACh were all only slightly 
smaller than in the WT situation (Fig. 3-16B). The simplest explanation is that the 
light-responsive sphincter muscle cells express a more restrictive set of PLC 
isoforms (PLCβ2 and PLCβ4) than do light-unresponsive cells, thus ACh 
signaling enjoys a higher PLC-isoform redundancy. Alternatively, melanopsin and 
ACh signaling may be segregated at subcellular level (e.g. in lipid rafts, see Ref 
43) so that they exclusively recruit certain PLC isoforms.  
In smooth muscle, the inositol-trisphosphate receptor (IP3R) interposes between 
the second messenger, IP3, produced by PLC and the intracellular release of 
Ca2+, which triggers muscle contraction. Of the three known IP3R isoforms 
(IP3R1-3), IP3R1 is the predominant isoform expressed in smooth muscles71,86. 
Indeed, the Itpr1-/- iris sphincter muscle has lost its response to both light and 
ACh (Fig. 3-17A). On the other hand, Itpr2-/-;Itpr3-/- double-KO iris sphincter 
muscles responded essentially normally to a light flash (Fig. 3-17B). Thus, IP3R1 
may be the point of convergence for the ACh- and light-signaling pathways. 
3.6    Discussion 
 
Based on experimental results presented above, we arrived at an overall picture 
about how light triggers contraction of the iris sphincter muscles – light directly 
activates a Gαq/Gα11-PLCβ2/ PLCβ4-IP3R1-mediated phototransduction pathway 
in a small subpopulation of sphincter muscle cells distinguished by their 
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expression of the visual pigment, melanopsin, leading to an initial contraction. 
The activation in this cohort of cells propagates to neighboring conventional 
muscle cells via gap junctions, producing a secondary contraction that is 
manifested as a delayed hump in the muscles’ light response. Contractions of the 
muscle elicited by ACh seem to go through additional pathways but converge 
with phototransduction at the step of actin-myosin interaction triggered by a rise 
in intracellular Ca2+ concentration. 
There is no evidence to support the proposal by others51–54 that the light signal 
triggering the sphincter muscle’s contraction goes sequentially through the 
intraocular ipRGC axonal collaterals, the parasympathetic presynaptic terminals, 
and finally to the muscle via muscarinic synaptic transmission. First, light-induced 
contraction was preserved and lasted for hours even in the reduced preparation 
of isolated sphincter muscles, in which ipRGCs’ collateral processes, if any, 
would have been greatly severed. Second, the sphincter muscles’ light response 
remained intact in atropine, even though the ACh response was blocked. Finally, 
we have not observed any melanopsin-positive neuronal innervations in the 
sphincter muscle of mouse with multiple histochemical and genetic-labeling 
methods. We did, however, detect convincing labeling of sphincter muscle cells 
(defined by αSMA-expression) in the Opn4-Cre;R26iAP and Opn4-Cre;Ai9 irises. 
IpRGCs’ axon collaterals populating near the ciliary body have been suggested 
to facilitate iPLR in vivo53,54. Given that the pupil size is antagonistically regulated 
by both the iris sphincter and dilator muscles, it remains an interesting question 
as to whether these ipRGCs’ axonal processes exert their control over the dilator 
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muscle, instead of the sphincter muscle, for example, by innervating the dilator 
muscle directly, or indirectly via the autonomic fibers.  
The in vivo action of atropine is complex, which could block iPLR in some study54 
but not the other87. Base on the histological and functional studies on the double 
reciprocal innervation by cholinergic and adrenergic nerve fibers to both iris 
muscles1,8, application of atropine would lead to opposite effects on the sphincter 
versus the dilator muscle, which blocks the action of ACh on the sphincter 
muscle thus abolishing pupil constriction, but activates the dilator muscle due to 
the removal of presynaptic inhibition of NE release26,27. The length of individual 
sphincter muscle cells is 40% longer in a fully dilated state compared with that in 
the 50% constricted state. Based on the known length-tension relation of smooth 
muscle cells, the active tension (agonist-elicited tension) is expected to reduce to 
zero when the length of the muscle cell exceeds 120% of baseline length74. 
Duration of mydriasis after administration of 1% atropine sulfate in the mouse 
eye is greater than 8 days, which has been attributed to binding of the drug to 
melanin pigments found in iris tissue and slow release of accumulated drug onto 
receptors88,89. Consequently, the sphincter muscle would be trapped in a passive 
state for prolonged period, thus no activation could be produced by neither ACh 
nor light. In the in vitro prep, the action of dilator muscle has been eliminated, 
leaving only the sphincter muscle being functional.  
The finding that a small percentage of iris sphincter muscle cells contain the 
visual pigment melanopsin is interesting on two counts. First, a concatenation of 
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classical sensory process (the reception of light) and effector process (the 
production of force) could happen inside a single smooth muscle cell. Second, it 
encourages studies on the development of these photoreceptive sphincter 
muscle cells since the mammalian iris sphincter muscle is a very rare case of 
ectodermally, rather than mesodermally derived muscle83, and has long been 
thought to be derived from the same stem cells as are the photoreceptors4. In 
view of the findings in the present study, it would be intriguing to examine the 
origin of mammalian iris photoreceptive sphincter muscle cells by tracing the fate 
of the genetically labeled cells. 
The melanopsin-expressing muscle cells did not tile the entire sphincter muscle 
area. In contrast, they located in areas that are closer to the edge of the iris. It is 
worthy of note that the location of the labeled muscle cells are not in perfect 
symmetry, which raises concerns about the consequence of the light-activated 
muscle contraction. Nonetheless, the presence of gap junctions on the muscle 
cells overcomes the limitation caused by the anatomical location of the light-
responsive muscle cells, thus producing a uniform pupil constriction.  
There is a growing evidence suggesting that melanopsin signals via the Gq/11 
type of G-proteins. However, the precise identity of the Gα subunits involved in 
melanopsin phototransduction remains to be determined by using knockout lines 
lacking one or more of the candidate genes. In retina, Hughes and colleagues90 
reported the localization of Gαq, Gα11 and Gα14 in mouse iPRGCs. Furthermore, 
by combining in vitro and in vivo siRNA, they demonstrated that melanopsin are 
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capable of coupling with Gαq, Gα11 and Gα14 both in heterologous system and in 
vivo. In iris, our study provides the first genetic analysis of melanopsin and G-
protein interactions. Using irises isolated from individual knockout mouse lines, 
we demonstrate an overlapping role for Gαq and Gα11 in melanopsin driven 
intrinsic pupillary light responses (iPLR). Light-induced contraction of the isolated 
mouse iris sphincter muscle was largely unaltered in mice lacking Gαq 
specifically in melanopsin-expressing muscle cells, whereas simultaneous 
silencing of Gαq and Gα11 subunits resulted in a significant attenuation of iPLR in 
a manner comparable to that has been observed following removal of Plcβ445. 
Given that knocking out Gα14 or Gα15 alone did not result in a deficit in muscle’s 
light responses, we can conclude that melanopsin is capable of coupling to both 
Gαq and Gα11 in vivo. 
The efficiencies with which Gαq and Gα11 activate PLCβ isoforms are equally well 
both in cells and after purification91. Both subunits are potent activators of PLCβ1, 
β3 and β4. PLCβ2 is the least sensitive to Gαq but is still activated more than ten 
folds91. PLCβ2, β3, and β1 are also activated by the Gβγ subunits, and PLCβ2 is 
the most Gβγ sensitive isoform. Given the significant reduction in the light-
activated muscle contraction after removing either PLCβ2 or PLCβ4, the simplest 
explanation is that the two PLCβ isoforms co-exist in the melanopsin-expressing 
sphincter muscle cell, and function as dimmers. 
Melanopsin expression in sphincter muscle cells is the first established case of a 
functional presence of an opsin in mammalian non-neuronal tissues. Multiple 
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opsins, including rhodopsin, have been suggested to be expressed in human 
epidermal cells but their functions are not clearly delineated92.Melanopsin has 
been reported to mediate relaxation of the blood vessels in mouse93. We have 
also recently found a circadian function of another opsin, OPN5, in the mouse 
cornea94. However, in both cases, the identities of opsin-expressing cells are still 
unclear.  
In conclusion, our findings offers a molecular and genetic analysis of the iris-
based photoreceptive sphincter muscle cells in mouse. Our data demonstrate the 
ability of these muscle cells to be excited directly by light, as well as the 
mechanism of intracellular control of the melanopsin-mediated photoreception, in 
contrast to that in the ipRGCs, involving a distinct set of G-proteins and 






Figure 3-1 Segregation of ACh- and light-signaling pathways in iris 
sphincter muscle. A, left panel, muscle force response to steps of bath-applied 
ACh (1, 5, 10, 50, 100, 400, and 800 μM). Each trace is aligned at the on- and 
off-set of the stimulation. Right panel, dose-response relation of isolated iris 
sphincter muscle to steps of ACh (mean ± SD., 6 muscles). Fit is Hill equation 
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(red line). B, left panel, muscle-force response to light flashes (6.27×107, 
1.25×108, 3.14×108, 6.27×108, 1.25×109, and 3.14×109 photons µm-2, at 436 nm). 
The inset shows a sample response to a step of light (3.077×109 photons µm-2 
sec-1, 60sec step at 436 nm). Right panel, flash-intensity-response relation for 
sphincter muscle force at the transient peak of the response (mean ± SD., 6 
muscles). Flash intensities are also expressed in equivalent 480 nm photons, 
given that melanopsin is the signaling pigment45. Fit is Michaelis-Menten 















Figure 3-2 Involvement of gap junctional coupling in light-induced 
contraction of isolated iris sphincter. A, left, sample responses to a light flash 
(7.38×109 photons µm-2 at 436 nm) in control solution (black), with 200 µM CBX 
(red), and after washout (blue). Right, collective data of integrated response 
amplitude to light flash with and without CBX response (mean ± SD., 3 muscles). 
B, left, sample responses to a light flash (7.38×109 photons µm-2 at 436 nm) in 
control solution (black), with 500 µM octanol (red), and after washout (blue). 
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Right, collective data of integrated response amplitude to light flash with and 















Figure 3-3 Light responses of isolated iris sphincter muscle with or without 
ACh exposure. A, muscle contraction to a light flash (left panel, 7.38×109 
photons µm-2 at 436 nm) was diminished when co-applying a step of 100 µM 
ACh (middle panel, magenta trace) or 400 µM ACh (middle panel, red trace). 
After withdrawal of bath-applied ACh, the response to the light flash of the same 
intensity returned back to normal (right panel). B, muscle contraction to a light 
flash (left panel, 7.38×109 photons µm-2 at 436 nm) was completely inhibited 
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when co-applying a step of 1 mM ACh (middle panel). After withdrawal of bath-
applied ACh, the response to a light flash of the same intensity partially 




















Figure 3-4 Effect of TTX and atropine on iPLR. A, intensity-response relations 
of isolated WT sphincter muscle to light flashes with (red) and without (black) 
TTX (mean ± SD, 3 muscles). The inset shows sample response of the isolated 
WT iris sphincter muscle to a light flash (7.95×109 photons μm-2 at 436 nm) 
before (black) and in the presence of 1 µM TTX (red). B, upper panel, intensity-
response relations of isolated WT sphincter muscles to light flashes with (red) 
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and without (black) atropine (mean ± SD, 3 muscles). The inset showed sample 
response of the isolated WT iris sphincter muscle to a light flash (7.95×109 
photons μm-2 at 436 nm) before (black) and in the presence 10 µM atropine (red). 
Bottom panel, 10 μM atropine completely blocked muscle’s response to ACh 
(black: control; red: with 10 µM atropine; mean ± SD, 3 muscles). C, response 
amplitude of irises isolated from Chrm1-/-Chrm3-/- (red) vs. WT-albino (black) 





Figure 3-5 Effect of Glutamate and PACAP receptor blocker on iPLR. A, 
sample response of isolated WT iris sphincter muscle to a light flash (7.95×109 
photons μm-2 at 436 nm) in control solution (black) vs. in bath solution containing 
20 µM DNQX, 250 µM DL-2-Amino-4-phosphonobutyric acid, 50 µM DL-2-
Amino-5-phosphonopentanoic acid (red). Middle and bottom panels, 1 mM 
glutamate or 1 mM glutamate with 100 µM cyclothiazide did not induce any 
muscle contraction. B, upper panel, sample response of isolated WT iris 
sphincter muscle to a light flash (7.95×109 photons μm-2 at 436 nm) in control 
solution (black) vs. in solution containing100-nM PACAP 6-38. Lower panel, 100 
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Figure 3-6 Expression of Opn4S and Opn4L in the mouse iris and retina. A, 
standard curves were generated using duplicate ten-fold serial dilutions of 
Opn4S and Opn4L standard DNA templates (see Experimental Procedures), 
plotted by threshold cycle (CT) vs. log copy number of the starting template. B, 
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relative expression of Opn4S and Opn4L in mouse iris and retina (mean ± SD, 

















Figure 3-7 X-gal staining of iris and retina isolated from the Opn4τlacZ/+ line. 
Upper panel, whole-mount mouse retina stained with X-gal. Both labeled axons 
and cell bodies are visible. Lower panel, whole-mount mouse iris staining with X-
gal. No clear signal could be identified in neither sphincter (Sph), nor dilator (Di) 



















Figure 3-8 Specificity of the Opn4-Cre line in mouse retina. Opn4-Cre;Ai9 
retina immunostained for melanopsin (OPN4, green) to verify the specificity of 
the genetic-labeling. Red indicates fluorescence directly from tdTomato. In this 
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image, 86% of tdTomato-positive cells show melanopsin immunoreactivity 
(arrowhead indicates one example of tdTomato-positive but melanopsin-
immunonegative cell). 96% of melanopsin-immunopositive cells were tdTomato 
labeled (arrow indicates one example of tdTomato-negative but melanopsin-


















Figure 3-9 Melanopsin expression in mouse iris. A, iris isolated from Opn4-
Cre;R26iAP animal. Melanopsin expression (purple) can be found in both 
sphincter muscle region and dilator muscle region. B, iris taken from Opn4-
Cre;Ai9 animal. TdTomato signal reflects the activity of melanopsin promotor. Pu: 






Figure 3-10 Melanopsin-expression in the mouse iris sphincter muscle cells. 
A, whole-mount Opn4-Cre;Ai9 (red) iris immunostained for α-smooth muscle 
actin (αSMA, green). Arrowhead marks tdTomato-positive sphincter muscle cells. 
B, whole-mount mouse iris immunostained for M3 muscarinic acetylcholine 
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receptor (M3 AChR, green) and αSMA (magenta) C, whole-mount Opn4-Cre; Ai9 
(red) iris immunostained for M3 AChR (green). Dotted lines demarcate the pupil 

















Figure 3-11 Melanopsin-expression in the dilator region of mouse iris. A, 
melanopsin-expressing cells in the mouse iris dilator region. The tdTomato-
positive cells (in optical section on left) are not localized at the smooth muscle 
layer (in optical section on right). B, tdTomato-positive cells in both the sphincter 
and dilator muscle region are also immunopositive for PAX6 (green). Scale bars 





Figure 3-12 Melanopsin-positive plexus on the edge of retina. Whole mount 
mouse retina stained with anti-melanopsin antibody (green). No obvious fibers 
have extended into the ciliary body. Dotted line defines the junction between the 









Figure 3-13 Tissue-specific ablation of melanopsin expression. A, the 
knockout-first allele (Opn4KOF) is initially a non-expressive form, but can be 
converted to a conditional allele (Opn4f) via flippase recombination. Tissue 
specific ablation of Opn4 expression was achieved by crossing the Opn4f/f mouse 
line with Myh11-Cre line95. B, RT-PCR detection of Opn4 transcripts in iris and 
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retina isolated from WT and Opn4KOF/KOF animals. C, expression of Cre in mouse 






Figure 3-14 Simultaneous direct (ipsilateral) and consensual (contralateral) 
PLRs to unilateral illumination in WT mice. A, Schematic drawing of 
experimental paradigm. The pupil constriction (PLR) in both eyes was monitored 
with infrared CCD cameras, with only one side of the eye subjected to light 
sitmulation. B, PLR in ipsilateral, illuminated eye measured at the peak during the 
30 sec stimulation period, with contralateral PLR measured simultaneously 
response (mean ± SD., 4 animals). a&b, examples of pupil area taken at the 







Figure 3-15 Signaling mechanism-mediating G-protein. A, left, sample 
responses of iris sphincter muscles from WT (black), Opn4-Cre;Gαq f/f (gray), 
Opn4-Cre;Gαqf/f;Gα11-/- (red) and Opn4-Cre;Gαqf/f;Gα11-/-;Gα14-/- (blue) mice to a 
light flash (7.95×109 photons µm-2 at 436nm). Right, intensity-response relations 
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of Gα15-/- (magenta, mean ± SD, 3 muscles), Opn4-Cre;Gαq f/f;Gα11-/- (red, mean ± 
SD, 3 muscles) and Opn4-Cre;Gαq f/f;Gα11-/-;Gα14-/- muscles (blue, mean ± SD, 3 
muscles). WT relation (black) from Fig. 2B is reproduced for comparison. B, ACh 
dose-response relations of WT (black, same as Fig. 2A), Opn4-Cre;Gαq f/f;Gα11-/- 
(red, mean ± SD, 3 muscles) and Opn4-Cre;Gαq f/f;Gα11-/-;Gα14-/- muscles (blue, 






































Figure 3-16 Signaling mechanism-PLCβ isoforms. A, left, sample responses 
of iris sphincter muscles from Plcβ1-/- (gray), Plcβ2-/- (red), Plcβ3-/- (blue) and 
Plcβ4-/- (green) mice to a light flash (8.52×109 photons µm-2 at 436nm). Right, 
intensity-response relations for WT (black, same as Fig. 2B), Plcβ1-/- (gray, 1 
muscle), Plcβ2-/- (red, mean ± SD, 4 muscles) and Plcβ3-/- (blue, mean ± SD, 3 
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muscles) muscles. The Plcβ1-/- muscle showed a stronger light response than 
WT possibly due to older age (2-year-old). B, ACh dose-response relation of WT 
(black, same as Fig. 2A), Plcβ1-/- (gray, 1 muscle, from 2-year-old animal), Plcβ2-
/- (red, mean ± SD, 3 muscles), Plcβ3-/- (blue, mean ± SD, 3 muscles) and Plcβ4-/- 





Figure 3-17 Signaling mechanism-IP3R isoform. A, sample responses of a 
WT (black, from P30 animal) and an Itpr1-/- (red, from P23 animal) sphincter 
muscle to light flash (8.52×109 photons µm-2 at 436nm) and ACh (50 µM). On- 
and off-set of bath-applied ACh are indicated with black and gray arrow heads, 
respectively. B, intensity-response relations for WT (black, same as Fig. 1b) and 
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Itpr2-/-;Itpr3-/- (red, mean ± SD, 3 muscles) muscles. Top inset shows sample 




4. iPLR in Chicken 
 
4.1    The photoreceptive role of cryptochrome in chicken iris  
 
In 2004, Tu and colleagues reported that cryptochrome is involved in non-opsin-
based photoreception in the chicken iris56. Their data showed that the isolated 
chicken iris constricted to light, with an action spectrum consistent with 
cryptochrome rather than other opsin pigments. Furthermore, they demonstrated 
that knockdown of cryptochrome decreased the photosensitivity of the iris. 
However, the cellular and molecular details underlying the cryptochrome-
mediated photoreception remains to be determined.  
To further investigate the photoreceptive role of vertebrate cryptochrome, we 
directly measured the force generated from the light-induced muscle contraction. 
The chicken iris sphincter muscle is a circumferential smooth muscle ring that 
controls the pupil size. We isolated the iris sphincter muscle from chicken embryo 
and, under infrared light, mounted the muscle ring horizontally on a fabricated 
force sensor. Upon illumination, the muscle contracts and the force generated 
can be recorded. This iris sphincter muscle preparation is stable and can give 
reproducible light responses for over 6 hours. Using this method, we generated 
the action spectrum of chicken iris by plotting the normalized sensitivity against 
wavelength (Fig.4-1). The sensitivity of the iris sphincter muscle kept on 
increasing as the wavelength decreased to blue/ultraviolet light, indeed very 
distinct from the behavior of melanopsin (with λmax at 480 nm), but consistent with 
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that of cryptochrome56.  The photosensitivity of chicken iris only appears in a 
short developmental time period (Fig. 4-2 and Ref. 55), possibly corresponding to 
the presence of photo-responsive smooth muscle cells in the chicken iris.  
Specific pharmacological reagents were used to examine the signal transduction 
pathway of the chicken iris-based photoreceptor. Based on clues from the 
previous work on mouse iris45, we first tested whether a PLCβ inhibitor would 
eliminate the chicken iris light response. Surprisingly, a substantial light response 
remained in the presence of the PLCβ inhibitor. This may be due to poor drug 
penetration into the tissue. The photoactivation of cryptochrome also depends on 
the flavin-based electron transport57, so we next tested whether inhibition of the 
flavin redox reaction of cryptochrome would block the light response of chicken 
iris sphincter muscle. However, after half an hour of bath-applied flavin-specific 
redox inhibitor diphenyleneiodonium chloride (DPI), the iris still contracted upon 
light stimulation. These experiments need to be repeated and re-evaluated.   
We also tried the gene-knockdown method using morpholino oligos. Depending 
on the sequence selected, morpholinos can be used to modify splicing events. In 
our case, we designed morpholino oligos that bind to the boundary between the 
second exon and the second intron, so that second exon of chicken 
cryptochrome 1 and 2 (cCry1 and 2) would be eliminated, causing a frame shift 
that generates a premature stop codon in the third exon and thus a non-
functional protein. We electroporated the isolated iris sphincter with control 
morpholinos and cCry1 and 2-specific morpholinos. The morpholinos have a 
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green-fluorescent-tag so that we could identify their expression in the iris 
sphincter muscle cells (Fig. 4-3A). After electroporation, the knockdown band of 
cCry1 was detected (Fig. 4-3B). However, we were unable to detect any 
knockdown band of cCry2 (Fig. 4-3B). Future experiments are required to 
optimize the knockdown efficiency. 
Given that the lack of available genetic manipulations in non-model organisms 
such as chicken, we then decided to study the light-receptive role of chicken 
cryptochromes in heterologous system. Both cCry1 and cCry2 were cloned, and 
expressed HEK293 cells. Mouse cryptocrome 1 and 2 were also cloned and 
expressed for comparison. Anti-mouse CRY1 antibody could recognized the 
recombinant cCRY1, however, anti-mouse CRY2 antibody failed to recognize the 
recombinant cCRY2 (Fig. 4-4 and Fig. 4-5). Nevertheless, the availability of 
antibody for detecting cCRY1 lays the ground for investigating the expression 
pattern of cCRY1 in the chicken iris.  
4.2    Summary and future direction 
 
Our preliminarily data confirmed the findings, as reported by Tu and colleagues56, 
that the isolated iris from chicken embryo constricts to light. The action spectrum 
of chicken iris showed a preferential wavelength of shorter than 436nm, deviated 
from that for melanopsin. The local photosensitivity in the chicken iris starts to 
appear around embryonic day 12, but decreased dramatically after hatch.  
Knockdown of cCry1 and cCry2 resulted in a reduction in the photosensitivity of 
chicken iris56, indicative of the involvement of cryptochromes in this process. It 
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remains to be determined that what percentage of the chicken sphincter muscle 
cells are photo-responsive, since the response amplitude to a step of bright light 
is about half of that induced by a step of ACh. Future experiments, such as 
immunolableing using anti-mCRY1 antibody, are needed to elucidate the 
localization of the light-responsive smooth muscles.  
The general consensus is that the vertebrate cryptochromes are not light-
receptive, and function as transcriptional repressors57. However, chicken 
cryptochrome might be one exception given its function in the local light reflex of 
the iris. The elucidation of its signaling mechanism will be of great impact on 














Figure 4-1 Action spectrum of chicken iris sphincter muscle. The action 
spectrum was generated by plotting the reciprocal quantal number required to 
produce a criterion tension level when the response amplitude is proportional to 
the number of incidental quanta. Sensitivity was normalized to the value at 365 
nm (n=5, mean ± SD). Hg light with interference filters (365, 405, 436, 480, 546, 
577 nm) were used.  































Figure 4-2 Age-dependency of the iPLR in chicken. Photosensitivity of iris 
isolated from chicken embryo (each data point represents mean from 2 to 4 irises) 
of different age was plotted. Sensitivity was normalized to the value at embryonic 
day 14 (E14). 





































Figure 4-3 Knockdown of cryptochrome 1 and 2 in embryonic chicken iris. 
A, verification of the presence of morpholino oligos in chicken iris. After 
electroporation, fluorescent signal (shown in green) was detected in E14 
embryonic chicken iris tissue. Scale bar = 20 µm. B, RT-PCR of chicken β-actin, 
Cry1, Cry2, and in E14 embryonic chicken iris tissue. Knockdown band for Cry1 











Figure 4-4 Heterologous expression of cCry1, cCry2, mCry1, and mCry2 in 
HEK293 cells. Expression of recombinant cCry1, cCry2, mCry1, and mCry2 was 
detected with anti-mouse CRY1 and CRY2 antibodies (red). Cells transfected 
with the recombinant vector also expressed GFP (green). Total amount of cells 















Figure 4-5 Western blotting of recombinant cCRY1, cCRY2, mCRY1, and 
mCRY2. Left, immunoblot using anti-mCRY1 antibody to detect recombinant 
mCRY1 and cCRY1. Left, immunoblot using anti-mCRY2 antibody to detect 




Attachment-Sequence of floxed-Opn4 allele 
 
 
LOCUS       KO-first_condition_ready_82970_MGI:1353425        38042 bp    dna     
linear   UNK  
DEFINITION  Mus musculus targeted KO-first, conditional ready, lacZ-tagged 
            mutant allele Opn4 targeting project(s): 82970 
ACCESSION   unknown 
SOURCE      Mus musculus 
  ORGANISM  Mus musculus 
            Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi; 
            Mammalia; Eutheria; Euarchontoglires; Glires; Rodentia; 
            Sciurognathi; Muroidea; Muridae; Murinae; Mus. 
COMMENT     cassette: L1L2_Bact_P 
COMMENT     design_id: 93082 
FEATURES             Location/Qualifiers 
     exon            14312..14636 
                     /db_xref="ENSEMBL:ENSMUSE00000330848" 
                     /rank="1" 
                     /note="ENSMUSE00000330848" 
     misc_feature    9435..15050 
                     /note="5 arm" 
     misc_feature    15078..15102 
                     /note="B1 Gateway" 
     misc_feature    15115..15162 
                     /note="Frt" 
     intron          15163..16037 
                     /note="mouse En2 intron" 
     misc_feature    16035..16037 
                     /note="Splice Acceptor" 
     exon            16038..16210 
                     /note="mouse En2 exon" 
     misc_feature    16222..16815 
                     /note="ECMV IRES" 
     gene            16816..19876 
                     /gene="lacZ" 
                     /note="lacZ" 
     misc_feature    19915..20158 
                     /note="SV40 polyadenylation site" 
     misc_feature    20162..20195 
                     /note="loxP" 
     promoter        20222..20741 
                     /note="human beta actin promoter" 
     gene            20767..21561 
                     /gene="NeoR" 
                     /note="NeoR" 
     misc_feature    21761..22002 
                     /note="SV40 polyadenylation site" 
     misc_feature    22019..22066 
                     /note="Frt" 
     misc_feature    22073..22106 
                     /note="loxP" 
     misc_feature    16052..16129 
                     /note="FCHK std_gpr" 
     misc_feature    22122..22142 
                     /note="B2 Gateway" 
     misc_feature    15051..22172 
                     /note="Synthetic Cassette" 
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     exon            22554..22699 
                     /db_xref="ENSEMBL:ENSMUSE00000120980" 
                     /type="targeted" 
                     /rank="2" 
                     /note="target exon 1 ENSMUSE00000120980" 
     misc_feature    22173..22912 
                     /note="Critical Region" 
     misc_feature    22936..22969 
                     /note="Downstream LoxP" 
     misc_feature    22913..22992 
                     /note="synthetic loxP region" 
     exon            28470..29196 
                     /db_xref="ENSEMBL:ENSMUSE00000330794" 
                     /rank="9" 
                     /note="ENSMUSE00000330794" 
     exon            27529..27709 
                     /db_xref="ENSEMBL:ENSMUSE00000330803" 
                     /rank="8" 
                     /note="ENSMUSE00000330803" 
     exon            26665..26772 
                     /db_xref="ENSEMBL:ENSMUSE00000120974" 
                     /rank="7" 
                     /note="ENSMUSE00000120974" 
     exon            25661..25819 
                     /db_xref="ENSEMBL:ENSMUSE00000120979" 
                     /rank="6" 
                     /note="ENSMUSE00000120979" 
     exon            25136..25307 
                     /db_xref="ENSEMBL:ENSMUSE00000120981" 
                     /rank="5" 
                     /note="ENSMUSE00000120981" 
     exon            24334..24537 
                     /db_xref="ENSEMBL:ENSMUSE00000120977" 
                     /rank="4" 
                     /note="ENSMUSE00000120977" 
     exon            24046..24179 
                     /db_xref="ENSEMBL:ENSMUSE00000120982" 
                     /rank="3" 
                     /note="ENSMUSE00000120982" 
     misc_feature    22993..27153 
                     /note="3 arm" 
ORIGIN       
        1 aacacgtgtg aaattacctc agatagggga ccaaaaacaa acgaaacaac attgctccta 
       61 aatccaactt gttgagcaaa taagtaaatt acagtctggg aactgatact ctcagaagag 
      121 gggggaaaat cacatctata ttaaagattt tgcaatacca attaactgat tagaactttg 
      181 tgatttggag agttggaatg ttgcagagcc aaatttcttg gactacttca gtgcccttag 
      241 taaacattca ttatccatct ttgtctaaca tctttacatc tttgaggcag tcatgtgaag 
      301 ccttttaaga agtgttgact tactcgatcg ctagtttcta tctacctgaa gctaacagtg 
      361 tcactcactg ttaaattact tctggtgtct atatctgagg tttttctact gggtccctgg 
      421 tcacctgctt tccccatgga ggcatctaac agtgtcttgg tttatgattt cctttggtct 
      481 attaccataa aatttgcatg aaacttgtat atcctccctc ttccagacaa aagtgtctta 
      541 agacctgttg cagatgaatg gcaatccctg gacccttgct agtgcccgct agactcgctg 
      601 ccccccccaa cccctcccct tacacaaact aggtcagagt agaacactgt tcacagccac 
      661 acagagtaga acatttgtca cagagggctt aacacatccc aggcactgaa aggcttgaaa 
      721 ataagcagac tgtagaagag ataaactcac gcatagtctt gactgagaaa taaacaactg 
      781 taagtggcag atgacattaa agcctgcacc actttagtgt ttggcacatg tagaaaagaa 
      841 gggaggagcc tgcgcactgg gttctaagaa ctgttttctg cgctcctcag cacgctggca 
      901 ttggtctgag actgcaccag actttgtaaa atgatctgcc tcttcactcc ttatagaaag 
      961 tggggtctta ttcttcacat caaatatagc acttcttttt aagtttatgg aagtacactg 
     1021 tcactgtctt tagacacatc agaagagggt atcggatcct attacagatg gttgtgagcc 
     1081 actatgtggt tgctgggaac tgaactcagg acctctagaa gagcagtcag tgctcttaac 
     1141 cgctgagcca tctctccagc ccacatgtag actttctact tagggttttt tgttatggca 
     1201 catttgatta ctttgtagtc acaaaacact ttttttcctc tctctctctt tttttttcca 
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     1261 gcatgcccct aaaaatatat aaaatttgca atttttatgt atagtgcctt atttaatatg 
     1321 cattttaatg aggtaacagt ggctgcttga aattatttat ttgtaagtca atttataatg 
     1381 gaattttaaa aaatactagg agattagcta aataaaatat gctgctctca cagggtaaga 
     1441 cattttatag ccatcagcaa taaatactaa gacctaagag aatagacata gagaaataat 
     1501 cattgcacac tgagaagtga agctggtcaa tggcaggatg gcgctgcttt cctggaaaaa 
     1561 tattaactag cctcccagga ccatacacaa ctggtgggtt tactcgctga tctatacctg 
     1621 tctatacttc tgaactctta tcaaatgagt atttgttagt tcagtaacaa aaagtgcatg 
     1681 acaaaataaa ataccataaa tgaaagcaaa tgccctgctt atgtgacaat agaaattcta 
     1741 tcaatgtaaa tgatgcattg tttggattga agaagtcttt atgaatagct aggaagtgtt 
     1801 ggcctctttt ctatgggtat tttcactaat gcttataggg gcttactcac ctgtcacaaa 
     1861 cacagtcaga gtaaagaaag cagtgtggca ccatttagga actaagtgga aataggagag 
     1921 gtgactcggc tgagagagag tgcttgctgt tcttcgggaa gatccacatt tggtttccag 
     1981 aactatcata gtgggctcac catgcttgta gtagcgccag ctccaagatg tatggcgccc 
     2041 tcttctggcc tcttcacaaa cctcaacact tgggacacac acataaaggt aagaaatagt 
     2101 aaaataaatc tttataaatc ttatgtttaa aagtgaagtg agctgggcaa ggtggtgtat 
     2161 gcctttaata ccaacactgg ggagtcagag gcaggcagat ctctgagagc tccaggccag 
     2221 tgtggtctac caagtgagtt ccacgacaac cagaagtgta tatatatata tatatatata 
     2281 tatatatata tatatatata tatatatata tatatatata tagacgttgt ctcagacaaa 
     2341 caagcaaaca aaactaaaca agtgggaaaa aagtcatgtg aacagataac tgataaaaga 
     2401 agaatggtgg ggtttccatg tcaggagagc tcctgaacac gccacagcct ggctgtagtg 
     2461 aaggcaagct tccccagaca ttatgattct agctgaatgg atgttgcact ataaaaatat 
     2521 atacaactgt tgagcaaatg agaaatatga gaatggaaat atagcagcaa ttgcccacct 
     2581 ctactgcacg cacagttact atcttgggat atgcaagtaa ttggattact gatgccgtct 
     2641 gctctgttcc ctgtaagagg attactcata ggatctgaag tttcctccca aaggtacagt 
     2701 ctaattcctt gacccactct ggtgagtgga actctacagg aacattttat accacagctg 
     2761 ggcagacata ccgagaggca ctaaccagtt ccactctctc tggcttgtcc aagctaggtc 
     2821 tgaaatgaga agccggagat gggcagcctc cacccctgca gtgtagatgc aagatacatt 
     2881 gtttgcctgt ttgcttccac aaagaagctg actaacacac cactgcctgt tcaccttttg 
     2941 ttttattttg ttttcagaca agagtttctt tggctagcct tggttgtcct ggaactagcg 
     3001 ctgtggatca ggctggcctg gaactcacag agatccgcct gtctctgcct ctgcctctct 
     3061 agtgctggga tttaaggtga aagtccccac tgccacgccc actccttctc aaatatccgg 
     3121 aagcaggtct tgcagctgag ccatctaaat gactctccag gctgacctgt gctcttgttt 
     3181 cagttcttat ggcacactga caatgtccac agcacaccaa acattaggac tattagccac 
     3241 tgcccagaaa aaaaaaaacc caaaacccca aaaaccaaaa cgcttattcc tgagcaattg 
     3301 atggccaaag ccagccacag ggatgtgata gagagcaggt tcctggtctt gaagggattg 
     3361 gctctgacta agcggaacag ttgaattgtt tagggcaaga gctcattagt gaagctctgt 
     3421 taactgttta gatgccaggt gactatagct aaattactaa tgccagtgtt gccatccaga 
     3481 gttattaatt atcaggggac agtcacactc cactccttac aatgctactc tagggatgtt 
     3541 ctctaaatta ccttggttta aaccacaaat gtaggctata tatatttaat atttaccttt 
     3601 aatctcagca ctctggaggc agaggcagag gcaagcagag ctctgtgagt ttgaggtcag 
     3661 cttggtcttc atggtgagtt caacgtgata tcctgcctca agagaaaaca aaaataacaa 
     3721 caacaagaaa gaatatcaga gacatcctca agtacacacc acctagctaa ttatcagttt 
     3781 cagccaactg ggattcctct agtcgtcagt gctcttaacc gctgagccag ctctccagcc 
     3841 ccttaacccc acttcttttt ttttttttaa gatttattta tttattatat gtaagtacac 
     3901 tgtagctgtc ttcagacact ccagaagagg gcgtcagatc ccattaggga tggttgtgag 
     3961 ccaccatgtg gttgctggga tttgaactcc ggaccttcgg aagagcagtc aggtgctctt 
     4021 acctgctgag ccatctcacc agccccttaa ccccacttct tgtacttatt taaagtatta 
     4081 aagaaaattc tagacattgt atgtcaacca gagaataaca tttgatatag caccaactat 
     4141 accattatgt cattcttgaa aaaagccacg gttcctttaa aacatctcac gttgagacag 
     4201 agatcagact tctggatggt ccccagaagc ttgtgtgaac cacacatctc attataagcc 
     4261 ttttaagttt ctttgaatct gttagaattg ccctgcttat ttttttctta agaacaatcc 
     4321 tttcagattc tttgtctgag acctaatcct tcgtgaccat gtggcaaatg ccagcgctgt 
     4381 ttgcttttcc caccctttag tgagcaatgc tttcggtggc cctcagtgcc acaccagcct 
     4441 tgcacctcca ctgaagggtc agctgggtcc ccatttccac ctacaataag ctcagcctct 
     4501 gaaaacttag ttcctcaaga gcttcagggt actgaccagg gaaatgggat ttctcaagac 
     4561 tgtccttgcg gcttaagaag tgaggtgatt tgttttgaag ttttgtttaa gatcttagga 
     4621 atcaaaagct gaatgtctca tatgctaagc caagtatgct atcattgagc tacacctcca 
     4681 gacttaagag tgagatgtct aaaataccta ctgaatgatt ccacaggaga cgccagggtt 
     4741 attagtgcct gcatgccatc tgagaacaac tgctagcttg aactttcaaa tagaggaatc 
     4801 agataaacac agctccaacg ccctcgagca aacctcaata gacaaggaat tggttttctt 
     4861 ttaatgtcct cctttggaca ataggtccat ttttctggct tttgcttgac agggtttctc 
     4921 tgtgtagccc tggctgtcct ggaactcatt ttgtaggcca ggctggtctc gaactcagag 
     4981 atccacttat ctctgcttta caggtgtggc caccacttct tggggaatag acttattctt 
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     5041 tatgttaagg ggtgccctgg gacaaatgag ctcatctatt acatctgtat gttctgaaac 
     5101 tagaaaaaca cctggatgag ttctggctgt gagcctcttg gcagccttgc ttaaagcttt 
     5161 ggttatcact cgatgctatt cattgtagtt cattgtagtg gtatgttatg ctgtggattt 
     5221 gacttaatct tgtttttcaa ggatctattg tagttgaagg tttggtcttt agggtggctc 
     5281 acttggaagc cactttagga aagggctgat ggaaaatcct taggtcactg aggagctagg 
     5341 actgtggcac cccagtatct ctgtcttctt gttcggtagt gtaagccctc ccatgaatgc 
     5401 gagcctccat tctgataaca cagccaggag ctgctttgac aagactaatg caggcccttg 
     5461 atcttccccc aaacctttgc tttttataaa atgatctccc tcaggtgtcc cacttagtaa 
     5521 tgcaaaggct ggctggtaca gtctggctgg tggaccaagt cagtggtcta catatcaaag 
     5581 aattgtaatt ttccttttta agagacaggt ctccattagc tcaggcaagc cttgaatttc 
     5641 atactgagtc taggatgacc tggaacttac tgttattctg cacttgggat tacaggcata 
     5701 tgccatcata ctgtgtgtgt gtgtgtgtgt gtgtgtgtgt gatgctatag attgaaccta 
     5761 gggttaggta tgcactccac caattcagat acttcgctag tcataaggaa ttggttttta 
     5821 tttcagagga acactcatgg gaagaaaagc acctatgtag gcttctagac agttggagct 
     5881 gaatggatga tgggtttgga ccaaacccaa gcaagtttga cctcctttga tgctttggga 
     5941 ggctatacag caccttagtg atattcctcc cagaatgctg gtaccgctaa gcctcgcagc 
     6001 tacttctttg ggggtttagc tgacaacaag aaaaatccct ttccacaaat tccaaaccca 
     6061 gatttggcgt tctaagccct tgcgtacaaa cagggcaatt gccagcggaa gagagtgaag 
     6121 gcttgggagc tgttccagga ggtgggacta taaggcaggg gcaatgggca gggaacagtt 
     6181 ttcacagaaa cgtttcattt ctaaaggatg tgtttatgtc ttagatcatg aaaacaaatt 
     6241 ctacaaaatc aatcaggagt tcactcccta cccccaccca cccctcaggg aggtgactca 
     6301 tccctgcccc tgctggggat acaaagtccc cagcagtatc tgtgggataa gggtcagctg 
     6361 agtgactgtt cttttgatgt gaaatcccag gacctaggag agaaagtgtg cagtctttgc 
     6421 tagcagaacc gtgatgcctg aagcctttct aataatcaga gaaaagcaaa ggttcctagc 
     6481 gggaaccaca gacttgcaac gtgggaagtg cagagggcag gatgggttgg gctgtgagct 
     6541 tcgcattctg aagcctgatt tcagggccta accctggtct ccatcccttc cctctctcca 
     6601 gggaggggca gccacaggca ttagcggttc cactgtattt agtggttgtc ctccgtccag 
     6661 tgccatgccc tgcctttcac accctgtccc tgaagagagg cacagtacca agttcagatc 
     6721 gccatcagtc tctgcatcgg ggactgcaag acactgcatc tcgttggtct cagggtggcc 
     6781 agaccctcac aaagattccc cgcccacgca ggttgctttt cgcctcttcc agctgcatgc 
     6841 caggatgtgt gggaaggcag gtagtaaggc agacgccagg gctcaggcgt gcagacagcc 
     6901 tctgaggacc aggcgagtcc aggcatctcc ccagcaggca ggggaagctg atctgaggac 
     6961 ccccaggcaa tgggtggaga tctcagggga agcctcagcc gagccagcca ccttttaccc 
     7021 ctctactcct gacacccttt atttttggct gcaaggctca gaaccgtgtc agcggcctcc 
     7081 ttgaagccct aagggatgaa tgcggacctt ttcggggatg ttttatcttg ttttcatttt 
     7141 tgtcttttcg aaaccagatc taagtagccc agctggcttc tcgggtccag atcctcctgc 
     7201 ctcagcgtcg gagtgttggg tgtatagatg tacaccaccg cacacagctc cagagcttta 
     7261 gtgttgtcgt tggttttgtt tgtttttttt ttagagacag cttttcctga agcccatgcg 
     7321 acaaactcag tatagcctag gccttagctt ctgatcgcat tgccggatca caagctcctc 
     7381 ccaccatgcc ccacttccag aatatatatg tgtatgtgtt tatgtataca tatatataca 
     7441 tatatgtgtg tgtgtgttgt gtgtgtatat gtgtgtgtgt atatatatat atatatatac 
     7501 acatatatat acacacaata tatatatata tatatatata tatttataag catgggtgtg 
     7561 tgtgtgtgtg tgtgtgtgtg tgtgtgtgtg tgtgtatagg tgggttttgt tttttgtttt 
     7621 tttgagacag ggtttttctg tgtagccctg gctgttctgg aactcacttt ccaaaccagg 
     7681 ctgacctcga actcagaact ccacctgcct ctgcctccca agtgctggga ttaaaggcgt 
     7741 gtgccaccac cgcccggctt tccttcatat attatttgtg tatgtgtgtg tttatatacg 
     7801 atgtgcctgt gtaagtgtgg gtgcacctgt gtcatggtgc acatgtagag gtcggatgac 
     7861 aaatctaagg actcacttcc caccttccct ctgacttcta gggatcaaac tctggtcgtc 
     7921 agacttgtac tgcaaacgtt tttaacccac attcttgcct agccctagga atgttgtctg 
     7981 atccataaaa taaagagcat aagataacaa agggaaccaa aagcactgaa atattaatat 
     8041 taccaaatga caaatggtgg gattgtgaca cccaccattt gccatcttga taatattatt 
     8101 gatgattgac atgcttcaat ggtctgacca caggtctcag tgaaagtgta atttagggca 
     8161 gtgacaacta cagccccccc ccccttctga gatgtccact cattgcactg tcacagtgac 
     8221 ctgcagtacc acggtgtggg tctgtcatcc cagtgctaca gtgtgggatt ttcccaagct 
     8281 tatcacagag aaaaacccac atcttgacta gtgggaagaa tgatgctagt ttcttattct 
     8341 ttctttcttt gtttctttcc ttttcccccc atccaagttc atggttcaac ccacacacct 
     8401 caggctgagg acctggctct tctgtctgac cccttccccc caacatgtgc tcatcattgt 
     8461 tctgtcctcc agactcctct cctagtcgct tctgctcttg acataccagt gtctggtccc 
     8521 tgtccctact cattgtcccc gtttgtcaga gactcagata cacctggcag cagcctgaat 
     8581 ctaggcttta ggcctgagca gctgcagacc aaagaagatg gaagtctact ctcaacccta 
     8641 gccatatcaa gggcagagac agagctgtgt gccgggacac ccgcagtttg tgaaagagtg 
     8701 tcttggctag ggttttactg ctgtgaacag acaccgtgac caaggcaact cttataagga 
     8761 caatatttat ttgggtctgg cttacaggtt cagaggttca gtccattatt aaggcaggag 
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     8821 catgccagtg tccaggcagg catggagcag gaggatctga gagttctaca tcttcatctg 
     8881 aaggctgcta ggagaagacc gtcttccagg cagcctggac aaggctttga gaccctttga 
     8941 agctcacacc cactgtgaca cacctactcc aacagggcca cagctcctaa tagtgccact 
     9001 tttgggccaa gcgtattcaa accaccacag agggagtgat gagactctcc agcaagtggt 
     9061 gggtggtggg tgcccggggc tggcatagag tggcagataa gatgcaaatg acaagaagtg 
     9121 tttttaaaag ttcccagtgc caaccagatc agagtctctg agaatggact cagtgctaac 
     9181 attttgaaaa cccccaggaa atcacctggc agatgtgcta tacagacccc atggtctcag 
     9241 tggagggcag catgctcctc ctcttcatgg ccacaaaaga tggaacccag acactgagta 
     9301 aggcaagtgt ccagcagtgc catgagtttc ttaaagcagt tgggaggcgt cccaggcagg 
     9361 tttcagcgtg gcgctgcttt gctttttgac aaggatatgt tctgagaagt ctataaataa 
     9421 gtggtttcac tgtgttgcca atactgcaaa atatattcac agaatgtcac cagatgagat 
     9481 tacttttatg ggaccaccat ttgagagggt tcttctataa gcatcacatc aggtggcaca 
     9541 tggtcctatc ttcatcctgt gggcaaggaa ctccaaggag tgtggttctt tgtctctacc 
     9601 cacccctctg cagcaaccag cggtggagct gaaatgctac ccaaggtcca tcttcagcaa 
     9661 acagctgctt gtgcaggcca gagggatgtg accccaaggt gtgtgggcca caggggtacc 
     9721 cacatggcag gatttcctgc ctatcttatg tgtgtggtca attttcaagt tgaaagctta 
     9781 ttttgtgggg ttcatgctca tgttctcttg accttttgtt tcctaagtcc tcaaggacag 
     9841 tgtcaggcct agcgggaaga gaaaaatctg cactgcttac agctttggga tttcgctgta 
     9901 aagctggcac gtcgacagcc acagcgaaag atacctgcag tttctatgca gagccatcct 
     9961 ggggctgcac caacatacgc tgcggctcga gggacagagc tggagcagac ccaggtatat 
    10021 agttctgtgt cacaatactc tgggtgagaa tgtcttggag agtccctgta gatttctatc 
    10081 ctgttccact tccctctgat acctctgcag atctcttaag ttcgaggcca gtctggtcta 
    10141 tagagcgagt tccagaacag ccaggactat gtggagaaac tctgtctgaa aaaagtaaat 
    10201 aaataaaata aaaattgctc tgtcataaag ccaaatggat agtttcctct tttcctcaca 
    10261 cagagaccct actttgtact ttggatacag agctatgatt ggcagaaata tattgagaaa 
    10321 gcatagtatt ttcctccaaa ggaaattgat ctctgggtat agaaacctct gcatagccat 
    10381 ggtgctgtgc acaaacaaga agcagcaaag ccctaaggaa cgcacctcat tccttaacta 
    10441 tctggtgaca agcaatcact ttcaatgggc agtggggtgg gaaacagaga gccagccaca 
    10501 tggcagggtt tttctgccat ataatacacc cacatgccca tcttgggtgt gtgtccaagt 
    10561 ttcaagttaa aagtttgatt caggggcatc acttgtgtgt ccctgactgt ggtccctcat 
    10621 tcctatacct cacttgtcct tctccataga atgtttgcct gagggaagaa gatcaggctg 
    10681 tgttctgaga catgatcgtg ttgcccttcc caaattaaac gtcgagctca cccagggcag 
    10741 ctgctggctc tgatggcaac cctggctgta gaagcttaat gaatgaatga atgaatgaat 
    10801 gccgctctca ggacggtgtt ggagtgcctc agactggact cactaaaaca gcacagatag 
    10861 acttactagg cccatcactg gtggctgtcc tgagtaccca gggccagtgt cctcggccag 
    10921 gaatgtggga acctcgggaa gagcttcagg tgcccatggg aggcaggaga cagtctctca 
    10981 cgatgtgcca catgactctg tcacattctc cactgctact gccggagggg gtccccactt 
    11041 tcccctgcct gcgtcctctg actgatgcag tgttttgagg agagactcgg agggagcact 
    11101 gaagagcgtt cttgtgaagg tgtggggagt tatccaaagg agaagaaagc cagaggaaac 
    11161 taatgaattt tgggtgtctt agagtgttaa cagggttcca gggtcatttg tctgggtcct 
    11221 taggtagagc aggctggaaa tagcaatgtt taggctgcga aggaggagga gatgtgcagg 
    11281 ccccacagca aaagaaagca tagaagtctt tgttcccagc tcctcccctg ggctacgagg 
    11341 aggaggttcc cattcttaag gggtttgcca gattccaggt aatggaaggc tgttggccaa 
    11401 ctgccttcag ggttgcgctc gttatgatac ttaatatccc cctggaatca gctcctcaga 
    11461 atttcccagg agcctctggg taactgtata ggccccggat gaggaaacca atccccagag 
    11521 gaggcctgga agacttgaga ctggaattac aatcccactg cccggtgaat cagagatgtc 
    11581 ctgtgttgtg gccataaatg atgatgggga gggccagagg atgatagaga ggggccaggt 
    11641 gcctcctacc ttcttagcct cacaatctga ttttctggtg aggacattga gggcttttcc 
    11701 acaaagaaca agaattctgg ggctcagaag gcccctaagt aaagtcagtg tggggtgggg 
    11761 ccctttggac agtgtctgta ctaccaggtt tattgtattc cctccccacc cccacccccg 
    11821 tgctcccagt gcagtttctc catgccttcc cagggcccac tgctggtcta acactaaatg 
    11881 aacacactcc caccactgtg gcagcctctc acccgtcact caaccctctt aggattccca 
    11941 cttcccatgc ccccagctgc acctctgggg atgagaggcc taaaaagctt ttcccacctc 
    12001 cagccaggca tgctatggaa gtgtgaaggg cagacttcaa gcagtaaggg ctgtgagccc 
    12061 ctggtctccc ttagtacagt ggctagggat gtggtggggg tagaaagata agtgggatca 
    12121 ctggtagatg ctgaaaccaa gatgagcaga agggtggctt gggatggtca gagacaccat 
    12181 agaatctggg caaagccaaa agttgacacc actgcccctc ccatgactca aactaccact 
    12241 cccaagggag cccgtaggct ggggtaagat aaccaaagaa catgagtgtt gcgggtgaac 
    12301 tggaacccag tgacccgatg actacagctg cagaggggtg agggatagat gacacccgga 
    12361 agcgagctga tgccagtcta cactgcaccc tgccccagct cagcgtcaca agacctcatc 
    12421 tctccagccc ctttgctggc ttctgaggat cggtagcacc ctctgaagac acactgaatt 
    12481 ctacagcacc agtctagcca catcctagct gtgaggatct tccttccatg acacccagct 
    12541 gctatacagt cccaactcct ggaattctca agctccttca ttcctgtgac ccttccagca 
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    12601 tggggcaagg cagtccgtcc taccatcact aatctctggg tggcttctgt gtcttttcca 
    12661 gtcagcggtt ccccacccgt tcccatgaag tcctctagaa cccagaccag tgcctgcatt 
    12721 tgtaatgtgt gttgaattgc ctgactccca caggctggcc ctcagaccac accctgaggg 
    12781 gcaaggacta aggagaagtg tttccccttc gtacagtgtg tgtgtgtgtg gtggtggtgg 
    12841 gggcactgct ctgctccaag gaccacagaa ataagcaaaa cagacctgtc tgtctgaggc 
    12901 cccaggagag aggggactgg gtgcaatgac atcactaaat gctgcagagg atgtacaggt 
    12961 gggtgtggac atcccaggtc ctcacgaggg cttccttgat gacattggca aagtctgttt 
    13021 gagctttcag caatcgtcaa gaaagtcagt ttcaatgtct gctcttcccc caagcaaaag 
    13081 aactgcctgt gacttccgca tcccatgtca tcaagcctcc ccagccaacc ctttgccaca 
    13141 tcctggatct aactttcagg caggatcgga tactttctta ctccgctggc agccgtgacc 
    13201 tgactgtcta gggccgtgtt tctcaacctt gttaatattg cagcccttta atatagttcc 
    13261 atatggtatg gtgatcccca accataaaag tattttcatg gctacttcat aactgtaatt 
    13321 ttgctactgt tatgaaccaa aagtacctgt gttttttgat ggtcttaggc aacccctgtg 
    13381 aaaggctaag aactgctggt ctagtacctg agcttggctg ctcagtgctc ccagataaga 
    13441 ctgctctgga gcatcatcag agaggagtag gtccctgacc cctgcactta gctccacggc 
    13501 atagcagaag cctggcccat gcacacaaac atgagaaggg cacagcatac atcctgatga 
    13561 gccttggtgt actagtttct ctaggaaaaa cactttttaa atttattatt attattatta 
    13621 tcatgatatg taagtgtgtg catttgcatg tgggtatgtc catgtgactg cagatactgg 
    13681 aagagcccag cagagggctg gagtttgagg catgggtgct ggattccaaa cttggcttct 
    13741 ctgaaaggat agcatgtgct cttaacccct gagctatttc tccagaaccc aaaactactt 
    13801 tttttaagac aagttatcac tatgttgtcc aggttagtct caaactaatg agttcaaggg 
    13861 atttcttttg tctcagtctc tcatgacact gacactatag ttacagtctt acatctacct 
    13921 aaaaaagcat ttcttgtccc tgcataccag gtgacattgt agcatctccc ttcatgcagg 
    13981 gaagtgtgaa gatgtcatgg gcttatgggt agactcagag atagaaccta acatagattt 
    14041 acctccccag tgaccactgt gactctcaga agagcaggaa gtgtgaagga cagagcctcc 
    14101 tgcccagtgt ccaggagctg agacagccag tgtccccata ggcattcgca tgcacatata 
    14161 cacacatatt catgtcatca ccatcagact cttgtgggct gatcagggac ccacttcaga 
    14221 gacagccaga agcagggagc cactgagcat gtgtagtccc ctccccactc agcactgcta 
    14281 cttaaaagtg tggagggatc ctgccgcgtg gcactcattc ctttgcgctt cattggacat 
    14341 taagcagtca gcagcccaaa gagcagctcc aggctggatg gatgagagcg ggcagcaggt 
    14401 ggaccaggcc gcagggttaa ggatggtata gagccggaag tctggggacc gatccctgat 
    14461 ctttccatgg ccttagctcc tctgagagcc tgagcatgga ctctccttca ggaccaagag 
    14521 tcttgtcaag cttaactcag gatcccagct tcacaaccag tcctgccctg caaggcattt 
    14581 ggaacggcac tcagaacgtc tccgtaagag cccagcttct ctctgttagc cccacggtaa 
    14641 gtttggggag catgtgtgta cacagagact cctgtcccca cccttgtttt aacagggaga 
    14701 tagaaaaggt ctgagcttag acgaaggacc ttgagcgtca ctgaagttct ctaagctttc 
    14761 tctacacagt ggctgagaca agagggcaca ggcaatgtct ttgttggcag agaccactgg 
    14821 agaaccagaa aggcaggggc tgacctgctc ttccttggtg acatctattc tttccagaaa 
    14881 ttgactagat cccctggggg agtatcctag ggggaaaggc atgccctagg cttctggact 
    14941 tgtacaggcc agagtgggat gctgggcagg acattgggca gactcctgcc tctccctggg 
    15001 agctatcctt agtccctgtg tactaacctc atgggggaaa tggcctccca aaggcgcata 
    15061 acgataccac gatatcaaca agtttgtaca aaaaagcagg ctggcgccgg aaccgaagtt 
    15121 cctattccga agttcctatt ctctagaaag tataggaact tcgaaccctt tcccacacca 
    15181 ccctccacac ttgccccaaa cactgccaac tatgtaggag gaaggggttg ggactaacag 
    15241 aagaacccgt tgtggggaag ctgttgggag ggtcacttta tgttcttgcc caaggtcagt 
    15301 tgggtggcct gcttctgatg aggtggtccc aaggtctggg gtagaaggtg agagggacag 
    15361 gccaccaagg tcagcccccc ccccctatcc cataggagcc aggtccctct cctggacagg 
    15421 aagactgaag gggagatgcc agagactcag tgaagcctgg ggtaccctat tggagtcctt 
    15481 caaggaaaca aacttggcct caccaggcct cagccttggc tcctcctggg aactctactg 
    15541 cccttgggat ccccttgtag ttgtgggtta cataggaagg gggacgggat tccccttgac 
    15601 tggctagcct actcttttct tcagtcttct ccatctcctc tcacctgtct ctcgaccctt 
    15661 tccctaggat agacttggaa aaagataagg ggagaaaaca aatgcaaacg aggccagaaa 
    15721 gattttggct gggcattcct tccgctagct tttattggga tcccctagtt tgtgataggc 
    15781 cttttagcta catctgccaa tccatctcat tttcacacac acacacacca ctttccttct 
    15841 ggtcagtggg cacatgtcca gcctcaagtt tatatcacca cccccaatgc ccaacacttg 
    15901 tatggccttg ggcgggtcat cccccccccc acccccagta tctgcaacct caagctagct 
    15961 tgggtgcgtt ggttgtggat aagtagctag actccagcaa ccagtaacct ctgccctttc 
    16021 tcctccatga caaccaggtc ccaggtcccg aaaaccaaag aagaagaacc ctaacaaaga 
    16081 ggacaagcgg cctcgcacag ccttcactgc tgagcagctc cagaggctca aggctgagtt 
    16141 tcagaccaac aggtacctga cagagcagcg gcgccagagt ctggcacagg agctcggtac 
    16201 ccggaagatc tggactctag agaattccgc ccctctccct cccccccccc taacgttact 
    16261 ggccgaagcc gcttggaata aggccggtgt gcgtttgtct atatgttatt ttccaccata 
    16321 ttgccgtctt ttggcaatgt gagggcccgg aaacctggcc ctgtcttctt gacgagcatt 
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    16381 cctaggggtc tttcccctct cgccaaagga atgcaaggtc tgttgaatgt cgtgaaggaa 
    16441 gcagttcctc tggaagcttc ttgaagacaa acaacgtctg tagcgaccct ttgcaggcag 
    16501 cggaaccccc cacctggcga caggtgcctc tgcggccaaa agccacgtgt ataagataca 
    16561 cctgcaaagg cggcacaacc ccagtgccac gttgtgagtt ggatagttgt ggaaagagtc 
    16621 aaatggctct cctcaagcgt attcaacaag gggctgaagg atgcccagaa ggtaccccat 
    16681 tgtatgggat ctgatctggg gcctcggtgc acatgcttta catgtgttta gtcgaggtta 
    16741 aaaaacgtct aggccccccg aaccacgggg acgtggtttt cctttgaaaa acacgatgat 
    16801 aagcttgcca caaccatgga agatcccgtc gttttacaac gtcgtgactg ggaaaaccct 
    16861 ggcgttaccc aacttaatcg ccttgcagca catccccctt tcgccagctg gcgtaatagc 
    16921 gaagaggccc gcaccgatcg cccttcccaa cagttgcgca gcctgaatgg cgaatggcgc 
    16981 tttgcctggt ttccggcacc agaagcggtg ccggaaagct ggctggagtg cgatcttcct 
    17041 gaggccgata ctgtcgtcgt cccctcaaac tggcagatgc acggttacga tgcgcccatc 
    17101 tacaccaacg tgacctatcc cattacggtc aatccgccgt ttgttcccac ggagaatccg 
    17161 acgggttgtt actcgctcac atttaatgtt gatgaaagct ggctacagga aggccagacg 
    17221 cgaattattt ttgatggcgt taactcggcg tttcatctgt ggtgcaacgg gcgctgggtc 
    17281 ggttacggcc aggacagtcg tttgccgtct gaatttgacc tgagcgcatt tttacgcgcc 
    17341 ggagaaaacc gcctcgcggt gatggtgctg cgctggagtg acggcagtta tctggaagat 
    17401 caggatatgt ggcggatgag cggcattttc cgtgacgtct cgttgctgca taaaccgact 
    17461 acacaaatca gcgatttcca tgttgccact cgctttaatg atgatttcag ccgcgctgta 
    17521 ctggaggctg aagttcagat gtgcggcgag ttgcgtgact acctacgggt aacagtttct 
    17581 ttatggcagg gtgaaacgca ggtcgccagc ggcaccgcgc ctttcggcgg tgaaattatc 
    17641 gatgagcgtg gtggttatgc cgatcgcgtc acactacgtc tgaacgtcga aaacccgaaa 
    17701 ctgtggagcg ccgaaatccc gaatctctat cgtgcggtgg ttgaactgca caccgccgac 
    17761 ggcacgctga ttgaagcaga agcctgcgat gtcggtttcc gcgaggtgcg gattgaaaat 
    17821 ggtctgctgc tgctgaacgg caagccgttg ctgattcgag gcgttaaccg tcacgagcat 
    17881 catcctctgc atggtcaggt catggatgag cagacgatgg tgcaggatat cctgctgatg 
    17941 aagcagaaca actttaacgc cgtgcgctgt tcgcattatc cgaaccatcc gctgtggtac 
    18001 acgctgtgcg accgctacgg cctgtatgtg gtggatgaag ccaatattga aacccacggc 
    18061 atggtgccaa tgaatcgtct gaccgatgat ccgcgctggc taccggcgat gagcgaacgc 
    18121 gtaacgcgaa tggtgcagcg cgatcgtaat cacccgagtg tgatcatctg gtcgctgggg 
    18181 aatgaatcag gccacggcgc taatcacgac gcgctgtatc gctggatcaa atctgtcgat 
    18241 ccttcccgcc cggtgcagta tgaaggcggc ggagccgaca ccacggccac cgatattatt 
    18301 tgcccgatgt acgcgcgcgt ggatgaagac cagcccttcc cggctgtgcc gaaatggtcc 
    18361 atcaaaaaat ggctttcgct acctggagag acgcgcccgc tgatcctttg cgaatacgcc 
    18421 cacgcgatgg gtaacagtct tggcggtttc gctaaatact ggcaggcgtt tcgtcagtat 
    18481 ccccgtttac agggcggctt cgtctgggac tgggtggatc agtcgctgat taaatatgat 
    18541 gaaaacggca acccgtggtc ggcttacggc ggtgattttg gcgatacgcc gaacgatcgc 
    18601 cagttctgta tgaacggtct ggtctttgcc gaccgcacgc cgcatccagc gctgacggaa 
    18661 gcaaaacacc agcagcagtt tttccagttc cgtttatccg ggcaaaccat cgaagtgacc 
    18721 agcgaatacc tgttccgtca tagcgataac gagctcctgc actggatggt ggcgctggat 
    18781 ggtaagccgc tggcaagcgg tgaagtgcct ctggatgtcg ctccacaagg taaacagttg 
    18841 attgaactgc ctgaactacc gcagccggag agcgccgggc aactctggct cacagtacgc 
    18901 gtagtgcaac cgaacgcgac cgcatggtca gaagccgggc acatcagcgc ctggcagcag 
    18961 tggcgtctgg cggaaaacct cagtgtgacg ctccccgccg cgtcccacgc catcccgcat 
    19021 ctgaccacca gcgaaatgga tttttgcatc gagctgggta ataagcgttg gcaatttaac 
    19081 cgccagtcag gctttctttc acagatgtgg attggcgata aaaaacaact gctgacgccg 
    19141 ctgcgcgatc agttcacccg tgcaccgctg gataacgaca ttggcgtaag tgaagcgacc 
    19201 cgcattgacc ctaacgcctg ggtcgaacgc tggaaggcgg cgggccatta ccaggccgaa 
    19261 gcagcgttgt tgcagtgcac ggcagataca cttgctgatg cggtgctgat tacgaccgct 
    19321 cacgcgtggc agcatcaggg gaaaacctta tttatcagcc ggaaaaccta ccggattgat 
    19381 ggtagtggtc aaatggcgat taccgttgat gttgaagtgg cgagcgatac accgcatccg 
    19441 gcgcggattg gcctgaactg ccagctggcg caggtagcag agcgggtaaa ctggctcgga 
    19501 ttagggccgc aagaaaacta tcccgaccgc cttactgccg cctgttttga ccgctgggat 
    19561 ctgccattgt cagacatgta taccccgtac gtcttcccga gcgaaaacgg tctgcgctgc 
    19621 gggacgcgcg aattgaatta tggcccacac cagtggcgcg gcgacttcca gttcaacatc 
    19681 agccgctaca gtcaacagca actgatggaa accagccatc gccatctgct gcacgcggaa 
    19741 gaaggcacat ggctgaatat cgacggtttc catatgggga ttggtggcga cgactcctgg 
    19801 agcccgtcag tatcggcgga attccagctg agcgccggtc gctaccatta ccagttggtc 
    19861 tggtgtcaaa aataataata accgggcagg ggggatctaa gctctagata agtaatgatc 
    19921 ataatcagcc atatcacatc tgtagaggtt ttacttgctt taaaaaacct cccacacctc 
    19981 cccctgaacc tgaaacataa aatgaatgca attgttgttg ttaacttgtt tattgcagct 
    20041 tataatggtt acaaataaag caatagcatc acaaatttca caaataaagc atttttttca 
    20101 ctgcattcta gttgtggttt gtccaaactc atcaatgtat cttatcatgt ctggatccgg 
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    20161 aataacttcg tatagcatac attatacgaa gttatgttta aacggcgcgc cccggaattc 
    20221 gccttctgca ggagcgtaca gaacccaggg ccctggcacc cgtgcagacc ctggcccacc 
    20281 ccacctgggc gctcagtgcc caagagatgt ccacacctag gatgtcccgc ggtgggtggg 
    20341 gggcccgaga gacgggcagg ccgggggcag gcctggccat gcggggccga accgggcact 
    20401 gcccagcgtg ggcgcggggg ccacggcgcg cgcccccagc ccccgggccc agcaccccaa 
    20461 ggcggccaac gccaaaactc tccctcctcc tcttcctcaa tctcgctctc gctctttttt 
    20521 tttttcgcaa aaggagggga gagggggtaa aaaaatgctg cactgtgcgg cgaagccggt 
    20581 gagtgagcgg cgcggggcca atcagcgtgc gccgttccga aagttgcctt ttatggctcg 
    20641 agcggccgcg gcggcgccct ataaaaccca gcggcgcgac gcgccaccac cgccgagacc 
    20701 gcgtccgccc cgcgagcaca gagcctcgcc tttgccgatc ctctagagtc gagatccgcc 
    20761 gccaccatga ttgaacaaga tggattgcac gcaggttctc cggccgcttg ggtggagagg 
    20821 ctattcggct atgactgggc acaacagaca atcggctgct ctgatgccgc cgtgttccgg 
    20881 ctgtcagcgc aggggcgccc ggttcttttt gtcaagaccg acctgtccgg tgccctgaat 
    20941 gaactgcagg acgaggcagc gcggctatcg tggctggcca cgacgggcgt tccttgcgca 
    21001 gctgtgctcg acgttgtcac tgaagcggga agggactggc tgctattggg cgaagtgccg 
    21061 gggcaggatc tcctgtcatc tcaccttgct cctgccgaga aagtatccat catggctgat 
    21121 gcaatgcggc ggctgcatac gcttgatccg gctacctgcc cattcgacca ccaagcgaaa 
    21181 catcgcatcg agcgagcacg tactcggatg gaagccggtc ttgtcgatca ggatgatctg 
    21241 gacgaagagc atcaggggct cgcgccagcc gaactgttcg ccaggctcaa ggcgcgcatg 
    21301 cccgacggcg aggatctcgt cgtgacccat ggcgatgcct gcttgccgaa tatcatggtg 
    21361 gaaaatggcc gcttttctgg attcatcgac tgtggccggc tgggtgtggc ggaccgctat 
    21421 caggacatag cgttggctac ccgtgatatt gctgaagagc ttggcggcga atgggctgac 
    21481 cgcttcctcg tgctttacgg tatcgccgct cccgattcgc agcgcatcgc cttctatcgc 
    21541 cttcttgacg agttcttctg agcgggactc tggggttcga aatgaccgac caagcgacgc 
    21601 ccaacctgcc atcacgagat ttcgattcca ccgccgcctt ctatgaaagg ttgggcttcg 
    21661 gaatcgtttt ccgggacgcc ggctggatga tcctccagcg cggggatctc atgctggagt 
    21721 tcttcgccca ccccccggat ctaagctcta gataagtaat gatcataatc agccatatca 
    21781 catctgtaga ggttttactt gctttaaaaa acctcccaca cctccccctg aacctgaaac 
    21841 ataaaatgaa tgcaattgtt gttgttaact tgtttattgc agcttataat ggttacaaat 
    21901 aaagcaatag catcacaaat ttcacaaata aagcattttt ttcactgcat tctagttgtg 
    21961 gtttgtccaa actcatcaat gtatcttatc atgtctggat ccgggggtac cgcgtcgaga 
    22021 agttcctatt ccgaagttcc tattctctag aaagtatagg aacttcgtcg agataacttc 
    22081 gtatagcata cattatacga agttatgtcg agatatctag acccagcttt cttgtacaaa 
    22141 gtggttgata tctctatagt cgcagtaggc ggttcagtgt cagtcctcag ttttgctaca 
    22201 ggggttgcaa gttctccttg gaggcttgct gtggggtatc cattcgttgg gagggcagta 
    22261 cccaggacct ggctctactc attccttaag gtcacccaag ctgtgctctg tcctgcaggc 
    22321 acgcatttgt cctgttaacc tccagcaggc catctgagcc tttcactccc tcttagaagc 
    22381 tcagtatcca cacatatatg ggcgtggggt taaattttgg aagacttgca ctttcttcta 
    22441 tgggctggcc atagattttc atccattctt cagtttaccc atttgcttta ttgggaactt 
    22501 actattcttc ccagggatat ctgtaggtga tgctctcctt tctctctctc cagacatctg 
    22561 cacatcaggc tgctgcctgg gtccccttcc ccacagtcga tgtcccagac catgctcact 
    22621 ataccctagg cacggtgatc ctgctggtgg gactcacagg gatgctgggc aatctgacgg 
    22681 tcatctacac cttctgcagg tgcctggttg gcagggttgg gtcaagggca ctgtgcatat 
    22741 ccatgcatat agacaggaca gactacaagg gtaaacacgt cacccagctc catccagggc 
    22801 accttaagat tggcagagaa gcgaggagca caccttctat agcatcaggt ctaggcatga 
    22861 gctttaaagc agatgaaaag tggaaagtgg cccagggaac cctgaataca tagagatggc 
    22921 gcaacgcaat taatgataac ttcgtatagc atacattata cgaagttatg gtctgagctc 
    22981 gccatcagtt caatcttcag gcctctgctc attctacgct gctctcagtc atcctctgga 
    23041 atcctccctc ctccctcaac cttgaagaac atctctagac accagaatcc tcaaatcctc 
    23101 aacagctgct cctagcagct caccttggct tccctcctca cctgctggct tctggctgtc 
    23161 acaggcaggc caggaagtga gccgacttca ggcttcacca cagactagtg gaagaactga 
    23221 gccagtcact tcccccctgg ggtgcataca tctcatctct ccagcatgga actgtggctt 
    23281 tgttatcact ggtctttctc cagtatgtgc actgattgga gatgagtcct ggctgtgcaa 
    23341 cttactgagc tgcaatgggg accaagccct tttgtgagtg aagcctttag tactctcatc 
    23401 tggataatgg gaaccactaa gtccccttta ggatccacta tattaagatg gatggtgtta 
    23461 gaggaggttg gtgaaagtgc ctgtctcatg gtcgtagcca caagtttttg ggccttttaa 
    23521 cacctcaagt gtgaacactg aagagacagg ctgagttggg cagggccaga ctggacagaa 
    23581 gaaggagcaa gaggagaaga gaggtaggga agagaagaag gcagcctgag aagctagtaa 
    23641 gaaggtatca gagcaaatga gaggaggagt ctggagggac actgttggta ggcgctgtcc 
    23701 agggaggttt gtctagggag acagagggag tcacacggag ggagtaacca agaaaaaact 
    23761 gacatgacct cctgggcaga acagctgttg ctggagacac ttcttctcac ttactgtgag 
    23821 ggacccacca tgggagagcc cttagtccat gtgattggtg gtacctgctg gactgagact 
    23881 caggtctgag gcccaagagc ctcagcctgt gtgcatgcat gcatgcgtgt gtgtgtgtgt 
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    23941 gtgtgtgtgt gtgtgtacat gtgtgaagag ctgagggtat gagggaggac ttccatagct 
    24001 ctggaggtac tgggaagcat gccctgactt cctctgacct cacaggaaca gaggcctgcg 
    24061 gacaccagca aacatgttca tcatcaacct cgcagtcagc gacttcctca tgtcagtcac 
    24121 tcaggccccg gtcttctttg ccagcagcct ctacaagaag tggctctttg gggagacagg 
    24181 tagacactcg gggctgcttt ttgccatagg gaagaaggga tcttaaggga gttggctcgg 
    24241 tcccattttc tgggaggtag ggaaggagct gagtttgtcc catcctcagg gactgtcttc 
    24301 ctcagggact tagggaagcg ggtttatcca caggttgcga gttctatgcc ttctgcgggg 
    24361 ctgtctttgg catcacttcc atgatcaccc tgacagccat agccatggac cgctatctgg 
    24421 tgatcacacg tccactggcc accatcggca ggggatccaa aagacgaacg gcactcgtcc 
    24481 tgctaggcgt ctggctttat gccctggcct ggagtctgcc acctttcttt ggttggagta 
    24541 agtgtgttgg tggaattagg ggaggggcag agacaagaag tttaaggaag gtcgggttag 
    24601 ggaactgtca gcctcatgga ccacctaagt cttaagtcag atggacattc agagggctca 
    24661 ctagcatctg gagtgttcag tgtgcttcac cagggactag agactcagtc aggaaaccca 
    24721 tcaccaaaac cggggtaaga gagtgggagc aagtggggca tgcttgatgc tgagtttgta 
    24781 gtgagtcaga ccacccaggg gctgggctgt gaggcctggg ggaggggagg gggacggggg 
    24841 acgggacggg cgacaagctg caagacttta gccctgagga tcatagccct ggggaggagc 
    24901 tacagaggag ctagcttcag tcagtgctag cccggtgtcc cccgttagaa ccaacttggg 
    24961 ggtctccctt cacatcatcc ctttacatca gttgccagca gcgttcttca ttctgggcag 
    25021 ggtgggcatg tagctggggc caggatgtgc ctaggaaccc caagctccac atttgaaacc 
    25081 ccccctgagc aagctaccct cagtgaaggc tgagcaccgg tcccccggct cctaggtgcc 
    25141 tacgtgcccg aggggctgct gacatcctgc tcctgggact acatgacctt cacaccccag 
    25201 gtgcgtgcct acaccatgct gctcttctgc tttgtcttct tcctccccct gctcatcatc 
    25261 atcttctgct acatcttcat cttcagggcc atccgagaga caggccggta agtgcgctgg 
    25321 tgtgtagagc tgaaccagag aagggagggc ctgcccatca gagcatgctc ggatgcagat 
    25381 gggtcaagac aagtgagctc atgtgcttat ggtggtgagg gtatctggga aagttcccag 
    25441 agacaaggtc ctctgaggag ggcttagaga ctgcaatccc ggcagaacca caggagggca 
    25501 gctgaggctc agtggaatga ggactttctg gaagtcagag ctgtctgtgt gggaaaagat 
    25561 gagtcctcct ataggactcc tatatgtctc cggagacggt ccagagaggt tccctgcagt 
    25621 gaacctggta cttccggcaa ccctgatgca accttcctag ggcctgtgag ggctgcggtg 
    25681 agtcccctct gcggcagagg cggcagtggc agcggctgca gagtgagtgg aagatggcca 
    25741 aggtcgcact gattgtcatt cttctcttcg tgctgtcctg ggctccctac tccactgtgg 
    25801 ctctggtggc ctttgctggg tgagcaggaa ccacagcgct gtacgctgta cgagggctaa 
    25861 agcacaggtc caggtagcct ctccctccaa cctgacccaa gtcaaccatc ctaacattac 
    25921 tagatccagc tttacagcca taccctcccc ctgtgcgaca tgcctcaccc cactaggctt 
    25981 gcccagttcc tggaagcttc agggatatac aggggggggg ggggagggtg gagtgcgctc 
    26041 tggctacaca taggttgtct aggaaccttc tgtcttgttg ggaacctgat gctcgggttc 
    26101 cccttagcct gagacacagg cacacagcta gggttgctgc tacttaagaa tgggttccta 
    26161 ggtggtgcct gctagtatcc tctgtggctt gagtctggta accatggcac ccgaatgaga 
    26221 ttttggtact ttgagctatc tgagaaccaa tcttcttgag tagtaacagt gcagcctcct 
    26281 ctaggggttg accagaagtt tctctaggtc atccaaggga gcagtgcaca acaggatggg 
    26341 gcgagggcat ggcagcagtg catgcagggt ctggagacca gggacaattg aatagcacag 
    26401 agaggtattg ccagcgtcac aggttctaaa ggacagtgga gcctagccac cccaagccct 
    26461 gcaggaacgg catatcttcc tccctgagct ccatcctcaa ccatctttgc ttcccttctt 
    26521 acccacttta aaacagaatg ctccctggtc cctaccagtc tttcactatg gggttggctt 
    26581 ggctgtgttg gtttacattg gtttagtttg ggtcttggca gggtctgcca tagaggtgac 
    26641 tggggtgtac tgtctctatc ctagatactc gcacatcctg acgccctaca tgagctcggt 
    26701 gccagccgtc atcgccaagg cttctgccat ccacaatccc attatctacg ccatcactca 
    26761 ccccaagtac aggtgtggcc acctaggggc atggagggcc tgggcctgca gctgaaggca 
    26821 gggcttatct gtctctctgg tccctcatgt gtgtatcagg tgggggttgt gaacactgtg 
    26881 tggtgcagct aataacactg gggggggggt gtctgcagtt ggcatgcccc ctcttctttc 
    26941 ccagcaaccc gtgagatatc aatggcttcc tgagaggaag cctgccctaa ctgcagggct 
    27001 atgtcttaag gcagctatgg tggcccatta gcagtgcttt ctgtgcaaag gcaagccctc 
    27061 agaccgtgac atcctgcaat gacccgaccc agcaagcatg cttgcctcct gaggtaaagt 
    27121 ggtcatcggg ttcttgctct attgaaaaaa attaaaaacg aggcactgtt gcaggccccc 
    27181 agagccagtt cagctcgatg aggcacagca cttgctaatc tcctgatcag tcagtctagc 
    27241 ctgtagtact taggtgtgtc catggcgcct attcccagag atgacaccaa gggtaaccat 
    27301 gaagccatgt ctagttggtt gaacccacta tccccaccac accctgattc tgttgttaat 
    27361 cctgtcagcc ctggaagcct atctaagtaa gtctctctca cctagctgtc tgtctgagcc 
    27421 catcaccagt gtctgtctgt ctaccaactc tatctctgtg ttagtctgtc ctttccttct 
    27481 ccctttcatg tcccatcacc ctgacccgac acacggtgac tcctgcaggg tggccattgc 
    27541 ccagcacctg ccttgccttg gggtgcttct cggtgtatca ggccagcgca gccacccctc 
    27601 cctcagctac cgctctaccc accgctccac attgagcagc cagtcctcag acctcagctg 
    27661 gatctctgga cggaagcgtc aagagtccct gggttctgag agtgaagtgg taagtgcccc 
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    27721 cattggctgg gacctcacct ttcctttccc aaccagccct agggacctgg acctgggtgg 
    27781 cagagccaca tgttagactg ggggacactt catccatttc attttctaac ctccactgca 
    27841 ttaccctctg gggcaagcag ggatacccag gacagagagg aggtggtgag tggtctgaag 
    27901 ttacccagca gcaagatagt ctgaacatgg gctttccaag tcacctgttt ctccttggca 
    27961 agagctggtc caggatccct gaaccttagc actaaacgtt accttatagg aggggtaaag 
    28021 agctgcaagc cataggagac ggggagcact agcctgggct catacctggc ttcaagcctt 
    28081 gacccaccac accctcattg tgtatctgag agccagcatg gctgatttgc ccagttacct 
    28141 tccactgctc tggccttgag ccttctgcta agatgtagaa ctatgaacca ctctcaacca 
    28201 ctagaagaaa ctgaggagtc tgtttcattt gctgacagag gccttggctc tcatgaaggc 
    28261 caccacctat ctaaatacct acatgcataa gtgtcacagg cgtctattct ttcctgcact 
    28321 ttgctgacca caactttgta aataatgtca tgggttcccc cccacccccg cccattaaat 
    28381 ctctgtgcag aggcttaagg gaaggaggca ggagtatgct ccaagtaagc tgtccctcac 
    28441 acctcaaagt tgctctccca catccccagg gctggacaga cacagaaaca accgctgcat 
    28501 ggggagctgc ccagcaagca agtggacagt ccttctgcag tcagaaccta gaagatggag 
    28561 aactcaaggc ctcttccagc ccccaggtac agagatctaa gactcccaag gtgcctggac 
    28621 ccagtacctg ccgccctatg aaaggacagg gagccaggcc aagtagccta aggggtgacc 
    28681 agaaaggcag gcttgctgtg tgcacaggcc tctcagagtg tccccatccc catacatccc 
    28741 agtttcccct tgctttccta gaggatgatg tgactctcag acatctgtag cagggtctaa 
    28801 gtatgatctg tatctagggg aatatctgca tgtgactgtg tagctctgcg catgacatgc 
    28861 tgtcagctat gttgtaccat atgtatatgt agagtatgca tataacttat gtgcccttga 
    28921 agatatgtgg cctacagcag agaacaactc atgcgtgtgt ggaccatgtt cctggcatat 
    28981 atgctctctg tcactgtgat gcctctgtgt tgtgtgggtg acagagtgtg atggtgttca 
    29041 cctctctgcg cgggttttga tgctgggcaa acacggggaa gggagctgca agccatgtac 
    29101 tagctcactg ccgatggcct gtgctcaaga tgtcaccgag gagaacactt gtagctatta 
    29161 aaagaaggcc agctgtcagc tccagtgcct atggaatgga atgtggatgg tgattagaga 
    29221 aggccatatt ttggaacact ggaaatgcca tgagcccagg cgcccctccc ccctcggctg 
    29281 acagttcctc cacccctcct ctctcttaca cagcagcccc tatcagcctc tgggtgttca 
    29341 gaggcttcct tggccactct gggatcatag atgtgtccta ttcttctcat ccctttgtgc 
    29401 cgtttcgcta ggagtagcct gttgatgctt ctgaagtcag agagctcaca cccccctata 
    29461 tcgtatccca ggcagtgtgt acaaccacag aggccagggc agaagcctga cagcaggcct 
    29521 atgctggcca ggaaatggtt aaagacataa taatgtctat cctggacgga ggcgggacca 
    29581 caggaggggc caaccatcag cagttgtcaa acacaagcga caagcattgc catcaggtta 
    29641 caagcacacg gaagcaattc cctgaggttc cctgggagaa ggggttgaac atcctgagtg 
    29701 aacacagtgg ggttcagaag aaggaacctg gtgtcctgga ctagggtggt gtgtctgtga 
    29761 ggtgaacttc cagaggaagc tggtgctaca ggtcgggaaa aaggggaatg ggttagggtt 
    29821 agggcagcag agatgaaggg gatgccaggc ctcacacagg ggatttcaga ggaaagatga 
    29881 actggggtgg agggcggcat acagagtctg aacgtcaaga gtccaagagt ctgaggatat 
    29941 cccaaggatt atactgaaaa cagcctaaga ctactggctc ctttggggta tggtccttga 
    30001 gaagcaccac cctctctggg gtgtggtcct ccagaagatc cacccctttg ggggtgtggt 
    30061 ccttgagaag gtccaccccc aaccttgacc acaacccctc ccttcccaca gttcctttcg 
    30121 cttgtcaatg ttctcaaata ggaaaaggtt ttaggaggcc ctgtgagaca ctcctagaga 
    30181 cggacagatc tgtattattt attttcagac caagggacac ctccccagtc tggatctcgg 
    30241 gatgtaggat gcccactggc cctccctttc ttctggtact tgcccagccc cgtcacctcc 
    30301 ccatcccatg cacagaccca ggattatgtc acaagcctgg aagctttgaa ggtgttcctg 
    30361 tcactcgtgc cacactggat acgaatctcc ggcccctttc cacgccgcga agcacagtct 
    30421 gccgctactc agctcagcag ccacactggg ccccgcctga agcacgaacc ccggtttttc 
    30481 ccgctcccct tccagcagcg gttgcctctc cccagacgct gtatgtgctg cgattgtcca 
    30541 gacaatgaca atggcgatgg cactggggaa cacatcattt atttatgaga taaacatctt 
    30601 ggccagcttt cacaaccagg ccggacatct cattggttca gaaagccctt ccccgcgtcc 
    30661 agggctcaaa agctgaacac agactttact ttgtgcactg ggaatacttt tttgcctcta 
    30721 gctcctccca tagcattctc actgtggccc acactcacat gtacatgggc actggcaggc 
    30781 acagaggtac ctattgcatg cacaccaagc aacaagtgtg cacaccctgc ccctactcgt 
    30841 tccatgttag cggtccaagt tccttccaga tgtggatctg acaaggcaca ggaaaataaa 
    30901 aacaaacaaa caaacaaaca aacagggtct ctagtgataa gcatgtctcc tggtgcgtca 
    30961 gtgaagagaa cagggcctgg tcttcatgcc tccagcagtt tctttattct gacccctaga 
    31021 tttccagatt taactctcac tcctaaaaac ccatctcaaa ctatatggga agcaaaatag 
    31081 aggagggaca aaggccagta tggcccatgc acccctcccc agtgacgtgt ggagctccgc 
    31141 ccagtctctg tgtactagct gctttccaac tggctttgga tctcccaggg gaggccaagg 
    31201 gaggctggcc ttccccttta agagcatctc tctaccacct tttccttaac cagaagccac 
    31261 caggcagtgc cagaggccag agaaagagcc ttcggctcca ggtacaacat cgatggggtt 
    31321 ccaggaccag gtctgccctt tctttctggt tatgcctcct ggctggatct tccccagctg 
    31381 ggaatgacag atagatggcc ctggggagca aggagagagt taggatggat gggctggtac 
    31441 agaggatggg atgggagagg gatggggagg tccggcctcc tggccatgaa ggtggagttg 
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    31501 catggtacaa agaaaagccc aagcccccac cccccactgc ttccacttgc aattttcatg 
    31561 gccttgggca aactaccaag tgaccctgga acatcaccac ttttaccgtg caccctacat 
    31621 atggcaggac tggggtgtga gaccggagtt atgacagcta ggaaattact cacactcagg 
    31681 ccagcactga gccttcaggt taatgtcttt gagagggcca ccaagaagcc accccatctt 
    31741 ccctgaaact cagtttctcg agctgaggag cctgagtgaa cctcgatcta tctccagacc 
    31801 acatgagatc tgaagtctct cttttgggag ggcaggcttc taggggtatc ttaatccaaa 
    31861 catcatgctg gttgaagtcc caagggccaa ggcccccgcc cagggcacac tgtcaccggg 
    31921 gtatgggctg aacatgccac acatgcttcc ccctctcctg tcccttctat ctctgtgtcc 
    31981 tagcagctga acaaatggca cacatggcac ttctccctac ccccctgtca ttcctgcgca 
    32041 aagggcacgg agcctggcgt gagacgctgg cagctgtagc tttccatgct actgtcaagt 
    32101 tttccagggt acaaatgaga caggagagcc aggaataact gcctgggccc cagagggtct 
    32161 agaggggtgg gacaacccca gacctggcct aagaccttta tcttgggggt catgcagcac 
    32221 ccccttcttc ggaccagggc tttggaagat gttatagcca ctaggagcct attatccgac 
    32281 atgagtccca ttggaatgag ctcaggatcc tgtgggacct gagtccattt tctgtgtgac 
    32341 cttggagaat agatttaact tctctgagac ttggctttta caatccaagg tgccaggacc 
    32401 ctgtggaagc tgatgtgaag agtccttttc tgaacttggc catgttcaaa gccctgccac 
    32461 tacatgagca ttcttatgtc cagacccata aaagcgaccc aggagccaat cattcttctg 
    32521 acccattgga ggctaagctg agtccaaggc cccactgggg ccctacaagg gataaggtgc 
    32581 caactcatgg tccccaccag ggacaacaga atagcaaaac ccctatccag agtggaccca 
    32641 ctgactacca cagaacgtgg actctgcaga gggtacaagg gaggccagtc ctccatgcct 
    32701 gccccttggg gatgggtgtt ctgggtgctt gacacccctc cccagggact atattagctg 
    32761 cgtgagtcat ggtggaccgg ctgggaggcc atgggcaggc gggcccagtg tagggttaca 
    32821 gtccatttat gggcgcagca agggcagata tcagtgtcga tggcattcac tcccagctat 
    32881 tcttaggagc ctcccaggag ctctgcacag cctggccagg cagcaaggaa cgcagcaggc 
    32941 aaggccaggg gttggggtct ggggccagga ccagagatag gggctgggaa gataggctgc 
    33001 ataagggtcc tctcacctga ctcttcgtac tgtttgcctg cagaggaagc caccgctgtc 
    33061 agcaccagta tgtcttacag tgtgactctg actgggcctg ggccctgggg cttccgtctg 
    33121 cagggaggca aggacttcaa catgcccctc actatctccc gggtaagtgc acatggccca 
    33181 cagcctcatt ctcaaagggg tggggcattc ttggaagagg gtacactcat gaccatctgt 
    33241 ctgtcagtct gtctgtcttc cccagggctc ttgcccgatt cctggtctga agtccagggc 
    33301 tggaatggtc tccttatctt agccacagat caatttgttt cacctcagct cgttccctgg 
    33361 actttgccca tctaagcaag acgtcagggg caaatagctt ggcattttga gtggaggaag 
    33421 aaatgctgag ttggcagact gggtaagctt gtgggtagag agtgcagggc cttccccagc 
    33481 acggtaagct tgaggtagtc cccaagcttg gaatccctcc ctagaagcag gcagctgctt 
    33541 aggaaagagc atatctatca ggaggaaggc agtgccagtc aggtagacag agggacagcg 
    33601 tgttgtcctt gctgccctac tgtttgtcgg atgtaagtcc aggagagaca gcactgtcca 
    33661 atggaagtaa cactgaatgt caggggtgat ggggacagct cctgtgattt ggagaaactg 
    33721 aggcccagag aggccaaaaa gtagacacac ttggaaggaa gagaagtttc attactgctg 
    33781 tagtcccagc ccctaggcca cagcctggtg ctatctgctc actatgtgtt aagtaaggac 
    33841 accctacaag tcctggtaga cgtgggacca aagctctcat ggcttagggg gcctgggagg 
    33901 catacaggga actagtataa cctgcttggt ggctgagccc ctggcaggcc tgatctgggc 
    33961 ttacgatgta gagttagact ccaggatgtc actgtacagt tggagggtgg aatcaagtat 
    34021 gactggattg cagtttcttc catagagtgg cagacagtgc ccttggacct agggctagca 
    34081 ctcagtggta gtggggaatc ctgggaagtc ctggacagag ggcccagtgc tccctctgaa 
    34141 gcagtcttgg tcctcctatc acttttaagc taggcacttt gaggagcctt tgtggaaggg 
    34201 cagtgtcctt cacctctcta cctcagacct gaagtctctg ccctccagac acactgccct 
    34261 gaaaaccact gggcccccta ttaggaggat accctaaacc atgtccatct tgcttgatga 
    34321 tgtggtgaca tatagatagg tgagcccagt ggctaccccc aatccaggct ctgcccaggc 
    34381 cccactcctg tataagacag ggcctctcct accgtcctca tgtgccctct gacctcctat 
    34441 gcctagggct gagcccacag cccccaaagc ccaccatctc caaggcctgc tgctttgtct 
    34501 tatgggaaca aattcatcac tgagatcagt agcacccagg aaagtcaatg acctcactcc 
    34561 ggacctatgc accacctggc cccggatggc caaggcttaa atggcagcag ggaggcttta 
    34621 agctagacag caggaagaat gtcctcattc aaagaggggg tgtgctggaa gctaatgcta 
    34681 gggagacttt taaaaataga agccagggta ctaggggttt acctcatatc tgatacatac 
    34741 ctcagattgc cggcagcagg gtggactgag ccgtagtgtt caggtcttgc tctctcctga 
    34801 aaaactacat ctagtgggcc acagatacag tgggctttgg catctcaggc ttgggcatcc 
    34861 caggcccagt gctgatggca agacagaccc cgtgaacact aggcttgtgg cgtttgctgc 
    34921 tgaggtccct tctgtaccag tcacagtcta ctcacagaga cacagggcca ggattctgcc 
    34981 cagccttcag cactcccctg ctctgggtgc agacactgtg attgagagag atgatcagcc 
    35041 cagcctaact ctcacgcctg gtcctttgcc tgttgaacca gaaaaattgt tgccacctgc 
    35101 atgcagggtg atatttgggt accaccctaa tcatggcctc cacacagata caatggcttc 
    35161 atcctaagca gaagacaacc tccttcctca agtgagtcta ctcctaagaa tctgcagaga 
    35221 tggggttcag gagggacact ctagagagga gggcaaacgt ctttatttat cctggacagg 
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    35281 tgcagaggcc tgcaacctga gctgccctct caccctcccc tcccctacct tagctgattc 
    35341 tccaggaagc aaagttgagg gaacagatta acaggcccag ccctcaccag ggcccctgct 
    35401 tctgcggcta ggtgtggggc tttgcccttc atggctactg gcactctcca ccctagggaa 
    35461 gaggcaagtg tctttgttca gttctatatc tctctgctgt gtcgccagta gcacagcctc 
    35521 agttgtatca cctgtacaat gggacagtgc tgtctacact tgacattgta gaaatgaggc 
    35581 tgactgtgag gctagtgtgc aaagggactg tggaatgggt aaggcctgcc tccttattgg 
    35641 aaggcctcga cctccaccct acctggcagg cttgcctggg ccatagtcca gaggccttct 
    35701 gcctgcctct cctccgattt cagtttcagt attattgaac tttcccagct tcggcagtga 
    35761 cactaagaac agtggaccct tgggaagaga ccggaggaca gtctgagact attctggggg 
    35821 tagctgtgct ggcaatttct ggaatttcca ggcccctgga gcacagcacc tgggactgtt 
    35881 cttggtagcg cctatcagca ctgacaggcc atgctgttta tagccccgct gaaggtcagg 
    35941 cagccatcta tctaagctat ccagcaggag atgataagga accgtcaccg ataaagactg 
    36001 cattcttaga ggtgcacctt ggtcaggccc tcctgtgact cacacttgcc tctgacctct 
    36061 tgaaggccct gaagaaagga gagcagaggc ccactaggtc ctgggagggg tccttgtggg 
    36121 tccctgaacc agaactcaag ccaagggagg ctctaggagc agacaggaat gggagcaggt 
    36181 gctatgggga gacaggagac tctggggaca gcagatgtga gggatgcaca ggcagaggag 
    36241 gaaatcaccc aactgtgaag accctccagt ccttgtctcc agtcttccca ttcctaaata 
    36301 cagcttctcc actctgctgg agccaggttc ctgctctcct ctcataggaa ccatcctggg 
    36361 ggtggggggc gtgaaacaga ttttccaggg ccaagtgcac acaaaaacac tggcggtttg 
    36421 ctgggagaca cagaggggaa caatgttggg acctggagaa acaggagggt cctcttagac 
    36481 acacacacac acacacacac acacacacac acacacaaac acacacagac acacacagag 
    36541 acaccaagca ttgatatgtg tagactctta ggtgccaagg cacctatctg agtgtgtgag 
    36601 gcatgaggta tagagaagac agggcctgtg gtcatttctt aggagaactc agggagagta 
    36661 gaagaaagaa aagttaaatg acagctattt gaacaagcaa ggcaaggcaa aggagagcct 
    36721 ggcttatttt atataccagg gttggaatag aggttgaggc cactgggaga aagaagtttc 
    36781 cagataaagg acgaggactg ggacaaaatc ccaagggaga ccagatggga agagagccag 
    36841 cctggcacag agtaatttaa tcccaaaggg ttaaaatgca tttaggactc cagggggaaa 
    36901 ccctgccagg cttcgatgaa ggagctggga aggttccact ctttctaggc ctgtaaccgc 
    36961 cctcagccag tcccaccaca gcgggcaaga cacacagaga aggaaggcag ggcctgtgtg 
    37021 cttcagagga gggatgctaa aaacttctgt agagcccagg tgccccccag gtacctactg 
    37081 cacagcacct gggaccctag acagaatcct gctagtcttc cacagcctac taggaacagt 
    37141 aggccggctg aggaccagtc agcagggctg accaccctct gctgactctg gatcttgtgt 
    37201 ttcataggac cctagggtac agtcatactg accacataca ttctttcccc cagtcccacc 
    37261 actgactttt ctggatcttc taaggagaag gaggttgctc ccttaggttc attccagaac 
    37321 cttctcagtt ctgcagcatc ctgtgccacg ccctgtttaa taatgtaatc ctcacaacac 
    37381 gctggagagg aaggccttac cttgccctct ggacactcac tggaatgtgt gacgtctcaa 
    37441 tcagagcagg cttaagttga cccactgtgc acgtgtgtgc cttcccttct ctgctttcct 
    37501 ccttggcatg ccagggacca tgatattagc tactcctgtg ctacctctga agagtgggca 
    37561 gggacttgca aatcagatgt gtcctcttgg ccaccatggc tttctctgtt gtccttgcct 
    37621 ggcttacaca ttcggggtct gttctgaaca cagggcgggc agtggttaag aagagacctg 
    37681 ggaaagcaca ggctggttca tggctgttgg taagagaggt ctcttttggt cttgttgtca 
    37741 tcactcacac agtacaggac agtgcttctg ggaccaggga taaggggttc cttatggtca 
    37801 tagcccagca aggcatgggc tgagtagtga tcttggtcca gtggggtccc ctataggttt 
    37861 tcctttgtgt tcaggtgtat acattgaaag tgactgttga caactgaaaa attaggtaga 
    37921 aatgaaacat tcatccaaag tttttttctt tttttttttt tttttggttt tttcgagaca 
    37981 gggtttctct gtgtagccct ggctgtgctg gaactcactc tgtagaccag gctggcctca 






1. Daniel, E. E., Tomita, T., Tsuchida, S., & Watanabe, M. Sphincters: normal 
function-changes in diseases. (CRC Press, 1992). 
2. Love, G. Revealed: Why Animals’ Pupils Come In Different Shapes And Sizes. 
Available at: http://www.iflscience.com/plants-and-animals/revealed-why-
animals-pupils-come-different-shapes-and-sizes/.  
3. Gabella, G. The sphincter pupillae of the guinea-pig: structure of muscle cells, 
intercellular relations and density of innervation. Proc. R. Soc. London B Biol. Sci. 
186, 369–386 (1974). 
4. Barr, L. Photomechanical coupling in the vertebrate sphincter pupillae. Crit. Rev. 
Neurobiol. 4, 325–366 (1989). 
5. Samuel, U., Lutjen-Drecoll, E. & Tamm, E. R. Gap junctions are found between iris 
sphincter smooth muscle cells but not in the ciliary muscle of human and monkey 
eyes. Exp Eye Res 63, 187–192 (1996). 
6. Narita, S. & Watanabe, M. Response of the isolated rat iris sphincter to 
cholinergic and adrenergic agents and electrical stimulation. Life Sci. 29, 285–292 
(1981). 
7. Hedlund, K.-O., Ayer-Lelievre, C., Björklund, H., Hultgren, L. & Seiger, Å. 
Ultrastructural and histochemical studies of the rat iris: identified neuronal inputs 
98 
 
and supportive glia. J. Neurocytol. 13, 703–725 (1984). 
8. Nishida, S. & Sears, M. Dual innervation of the iris sphincter muscle of the albino 
guinea pig. Exp. Eye Res. 8, 467–469 (1969). 
9. Yoshitomi, T., Ito, Y. & Inomata, H. Adrenergic excitatory and cholinergic 
inhibitory innervations in the human iris dilator. Exp. Eye Res. 40, 453–459 (1985). 
10. Ochi, J., Konishi, M., Yoshikawa, H. & Sano, Y. Fluorescence and electron 
microscopic evidence for the dual innervation of the iris sphincter muscle of the 
rabbit. Zeitschrift für Zellforsch. und mikroskopische Anat. 91, 90–95 (1968). 
11. Nishida, S. & Sears, M. Fine structural innervation of the dilator muscle of the iris 
of the albino guinea pig studied with permanganate fixation. Exp. Eye Res. 8, 292–
296 (1969). 
12. Jackson, P. C. Innervation of the iris by individual parasympathetic axons in the 
adult mouse. J. Physiol. 378, 485–495 (1986). 
13. Seiger, A., Dahl, D., Ayer-LeLievre, C. & Björklund, H. Appearance and distribution 
of neurofilament immunoreactivity in iris nerves. J. Comp. Neurol. 223, 457–470 
(1984). 
14. Tervo, K., Tervo, T., Eränkö, L., Eránkö, O. & Cuello, A. C. Immunoreactivity for 
substance P in the Gasserian ganglion, ophthalmic nerve and anterior segment of 
the rabbit eye. Histochem. J. 13, 435–443 (1981). 
15. Miller, A., Costa, M., Furness, J. B. & Chubb, I. W. Substance P immunoreactive 
99 
 
sensory nerves supply the rat iris and cornea. Neurosci. Lett. 23, 243–249 (1981). 
16. Terenghi, G. et al. Distribution and origin of calcitonin gene‐related peptide (CGRP) 
immunoreactivity in the sensory innervation of the mammalian eye. J. Comp. 
Neurol. 233, 506–516 (1985). 
17. Abrams, P. et al. Muscarinic receptors: their distribution and function in body 
systems, and the implications for treating overactive bladder. Br. J. Pharmacol. 
148, 565–78 (2006). 
18. Ishizaka, N. et al. Muscarinic acetylcholine receptor subtypes in the human iris. 
Brain Res. 787, 344–347 (1998). 
19. Honkanen, R. E., Howard, E. F. & Abdel-larif, A. A. Reports M3-Muscorinic 
Receptor Subtype Predominotes in the Bovine Iris Sphincter Smooth Muscle ond 
Ciliory Processes. 31, 590–596 (1990). 
20. Matsui, M. et al. Multiple functional defects in peripheral autonomic organs in 
mice lacking muscarinic acetylcholine receptor gene for the M3 subtype. Proc. 
Natl. Acad. Sci. U. S. A. 97, 9579–84 (2000). 
21. Matsui, M. et al. Mice lacking M2 and M3 muscarinic acetylcholine receptors are 
devoid of cholinergic smooth muscle contracts but still viable. J. Neurosci. 22, 
10627–10632 (2002). 
22. Bognar, I. T., Altes, U., Beinhauer, C., Kessler, I. & Fuder, H. A muscarinic receptor 
different from the M1, M2, M3 and M4 subtypes mediates the contraction of the 
100 
 
rabbit iris sphincter. Naunyn. Schmiedebergs. Arch. Pharmacol. 345, 611–618 
(1992). 
23. Schaeppi, U. & Koella, W. P. Innervation of cat iris dilator. Am. J. Physiol. Content 
207, 1411–1416 (1964). 
24. Suzuki, R., Oso, T. & Kobayashi, S. Cholinergic inhibitory response in the bovine 
iris dilator muscle. Invest. Ophthalmol. Vis. Sci. 24, 760–765 (1983). 
25. Ryang, S., Takei, S., Kawai, T., Imaizumi, Y. & Watanabe, M. Atropine‐resistant 
relaxation induced by high K+ in iris dilator muscle of the rat and pig. Br. J. 
Pharmacol. 100, 401–406 (1990). 
26. Bognar, I. T., Pallas, S., Fuder, H. & Muscholl, E. Muscarinic inhibition of 
[3H]‐noradrenaline release on rabbit iris in vitro: effects of stimulation conditions 
on intrinsic activity of methacholine and pilocarpine. Br. J. Pharmacol. 94, 890–
900 (1988). 
27. Ejp, E. Parasympathetic denervation abolishes acetylcholine-induced relaxation in 
the rat iris dilator. 156, 291–294 (1988). 
28. Bognar, I. T. et al. M2 muscarinic receptors on the iris sphincter muscle differ 
from those on iris noradrenergic nerves. Eur. J. Pharmacol. 163, 263–274 (1989). 
29. Funder, H. et al. Different muscarinic receptors mediate the prejunctional 
inhibition of [3H]-noradrenaline release in rat or guinea-pig iris and the 
contraction of the rabbit sphincter muscle. Naunyn-Schmiedeberg’s Arch. 
101 
 
Pharmacol 340, 597–604 (1989). 
30. Masuda, Y. et al. Characterization of muscarinic receptors mediating relaxation 
and contraction in the rat iris dilator muscle. Br. J. Pharmacol. 114, 769–776 
(1995). 
31. Persson, H. & Sonmark, B. Adrenoceptors and cholinoceptors in the rabbit iris. Eur. 
J. Pharmacol. 15, 240–244 (1971). 
32. Eglen, R. M. & Nahorski, S. R. The muscarinic M5 receptor: a silent or emerging 
subtype? Br. J. Pharmacol. 130, 13–21 (2000). 
33. Caulfield, M. P. Muscarinic receptors—characterization, coupling and function. 
Pharmacol. Ther. 58, 319–379 (1993). 
34. Pfitzer, G. Invited review: regulation of myosin phosphorylation in smooth muscle. 
J. Appl. Physiol. 91, 497–503 (2001). 
35. Berridge, M. J. Smooth muscle cell calcium activation mechanisms. J. Physiol. 586, 
5047–5061 (2008). 
36. Takayanagi, I., Kaneko, M. & Hisayama, T. Mechanical responses and calcium 
movements in rabbit iris smooth muscles. Jpn. J. Ophthalmol. 27, 575–584 (1982). 
37. Ahlquist, R. P. A study of the adrenotropic receptors. Am. J. Physiol. Content 153, 
586–600 (1948). 
38. Minneman, K. P. Alpha 1-adrenergic receptor subtypes, inositol phosphates, and 
sources of cell Ca2+. Pharmacol. Rev. 40, 87–119 (1988). 
102 
 
39. Gilman, A. G. G proteins: transducers of receptor-generated signals. Annu. Rev. 
Biochem. 56, 615–649 (1987). 
40. Schaeppi, U. & Koella, W. P. Adrenergic innervation of cat iris sphincter. Am. J. 
Physiol. Content 207, 273–278 (1964). 
41. Kargacin, G. J. & Detwiler, P. B. Light-evoked contraction of the photosensitive iris 
of the frog. J. Neurosci. 5, 3081–3087 (1985). 
42. Barr, L. & Alpern, M. Photosensitivity of the Frog Iris. J. Gen. Physiol. 46, 1249–
1265 (1963). 
43. Bito, L. Z. & Turansky, D. G. Photoactivation of pupillary constriction in the 
isolated in vitro iris of a mammal (Mesocricetus auratus). Comp. Biochem. Physiol. 
-- Part A Physiol. 50, 407–413 (1975). 
44. Lau, K. C., So, K. F., Campbell, G. & Lieberman, A. R. Pupillary constriction in 
response to light in rodents, which does not depend on central neural pathways. J. 
Neurol. Sci. 113, 70–79 (1992). 
45. Xue, T. et al. Melanopsin signalling in mammalian iris and retina. Nature 479, 67–
73 (2011). 
46. Steinach, E. Untersuchungen zur vergleichenden Physiologie der Iris. Pflügers 
Arch. Eur. J. Physiol. 52, 495–525 (1892). 




48. Brown-Sequard, C. E. Recherches de experimentales sur l’influence excitatrice de 
la lumiere, du froid et du la chaleur sur l'iris, dans les cinq classes d'animaux 
vertebres. J. Physiol. Homme Anim 2, 281–294 (1859). 
49. Guth, E. Untersuchungen über die directe motorische Wirkung des Lichtes auf 
den Sphincter pupillae des Aal-und Froschauges. Pflügers Arch. Eur. J. Physiol. 85, 
119–142 (1901). 
50. Graham, D. M. et al. Melanopsin ganglion cells use a membrane-associated 
rhabdomeric phototransduction cascade. J. Neurophysiol. 99, 2522–2532 (2008). 
51. Rupp, A. et al. IpRGCs mediate ipsilateral pupil constriction. Invest. Ophthalmol. 
Vis. Sci. 54, 310 (2013). 
52. Schmidt, T. M. et al. A retinal projection to the iris mediates pupil constriction. 
Invest. Ophthalmol. Vis. Sci. 55, 1231 (2014). 
53. Vugler, A. et al. A role for the outer retina in development of the intrinsic 
pupillary light reflex in mice. Neuroscience 286, 60–78 (2015). 
54. Semo, M., Gias, C., Ahmado, A. & Vugler, A. A role for the ciliary marginal zone in 
the melanopsin-dependent intrinsic pupillary light reflex. Exp. Eye Res. 119, 8–18 
(2014). 
55. Pilar, G., Nunez, R., McLennan, I. S. & Meriney, S. D. Muscarinic and nicotinic 




56. Tu, D. C., Batten, M. L., Palczewski, K. & Van Gelder, R. N. Nonvisual 
photoreception in the chick iris. Science (80-. ). 306, 129–131 (2004). 
57. Chaves, I. et al. The cryptochromes: blue light photoreceptors in plants and 
animals. Annu. Rev. Plant Biol. 62, 335–364 (2011). 
58. Banerjee, R. & Batschauer, A. Plant blue-light receptors. Planta 220, 498–502 
(2005). 
59. Li, Q. & Yang, H. Cryptochrome signaling in plants. Photochem. Photobiol. 83, 94–
101 (2007). 
60. Stanewsky, R. Clock mechanisms in Drosophila. Cell Tissue Res. 309, 11–26 (2002). 
61. Ko, C. H. & Takahashi, J. S. Molecular components of the mammalian circadian 
clock. Hum. Mol. Genet. 15, R271–R277 (2006). 
62. Griffin, E. A., Staknis, D. & Weitz, C. J. Light-independent role of CRY1 and CRY2 in 
the mammalian circadian clock. Science (80-. ). 286, 768–771 (1999). 
63. Ceriani, M. F. et al. Light-dependent sequestration of TIMELESS by 
CRYPTOCHROME. Science (80-. ). 285, 553–556 (1999). 
64. Koh, K., Zheng, X. & Sehgal, A. JETLAG resets the Drosophila circadian clock by 
promoting light-induced degradation of TIMELESS. Science (80-. ). 312, 1809–
1812 (2006). 
65. Wettschureck, N. et al. Absence of pressure overload induced myocardial 
hypertrophy after conditional inactivation of Gαq/Gα11 in cardiomyocytes. Nat. 
105 
 
Med. 7, 1236–1240 (2001). 
66. Davignon, I. et al. Normal hematopoiesis and inflammatory responses despite 
discrete signaling defects in Gα15 knockout mice. Mol. Cell. Biol. 20, 797–804 
(2000). 
67. Kim, D. et al. Phospholipase C isozymes selectively couple to specific 
neurotransmitter receptors. Nature 389, 290–293 (1997). 
68. Jiang, H. et al. Roles of phospholipase C β2 in chemoattractant-elicited responses. 
Proc. Natl. Acad. Sci. 94, 7971–7975 (1997). 
69. Xie, W. et al. Genetic alteration of phospholipase C β3 expression modulates 
behavioral and cellular responses to μ opioids. Proc. Natl. Acad. Sci. 96, 10385–
10390 (1999). 
70. Jiang, H. et al. Phospholipase C β4 is involved in modulating the visual response in 
mice. Proc. Natl. Acad. Sci. 93, 14598–14601 (1996). 
71. Hisatsune, C. et al. IP 3 R1 deficiency in the cerebellum/brainstem causes basal 
ganglia-independent dystonia by triggering tonic Purkinje cell firings in mice. 
Neural Circuits: Japan (2015). 
72. Futatsugi, A. et al. IP3 Receptor Types 2 and 3 Mediate Exocrine Secretion 
Underlying Energy Metabolism. Science (80-. ). 309, 2232–2234 (2005). 
73. Do, M. T. H. et al. Photon capture and signalling by melanopsin retinal ganglion 
cells. Nature 457, 281–287 (2009). 
106 
 
74. Herlihy, J. T. & Murphy, R. A. Length-tension relationship of smooth muscle of the 
hog carotid artery. Circ. Res. 33, 275–283 (1973). 
75. Engelund, A., Fahrenkrug, J., Harrison, A., Luuk, H. & Hannibal, J. Altered pupillary 
light reflex in PACAP receptor 1-deficient mice. Brain Res. 1453, 17–25 (2012). 
76. Engelund, A., Fahrenkrug, J., Harrison, A. & Hannibal, J. Vesicular glutamate 
transporter 2 (VGLUT2) is co-stored with PACAP in projections from the rat 
melanopsin-containing retinal ganglion cells. Cell Tissue Res. 340, 243–255 (2010). 
77. Hughes, S. et al. Differential expression of melanopsin isoforms Opn4L and Opn4S 
during postnatal development of the mouse retina. PLoS One 7, (2012). 
78. Jagannath, A. et al. Isoforms of Melanopsin Mediate Different Behavioral 
Responses to Light. Curr. Biol. 25, 2430–2434 (2015). 
79. Ecker, J. L. et al. Melanopsin-expressing retinal ganglion-cell photoreceptors: 
Cellular diversity and role in pattern vision. Neuron 67, 49–60 (2010). 
80. Hattar, S., Liao, H. W., Takao, M., Berson, D. M. & Yau, K. W. Melanopsin-
containing retinal ganglion cells: architecture, projections, and intrinsic 
photosensitivity. Science 295, 1065–70 (2002). 
81. Hatori, M. et al. Inducible ablation of melanopsin-expressing retinal ganglion cells 
reveals their central role in non-image forming visual responses. PLoS One 3, 
e2451 (2008). 
82. Lai, Y. L. The development of the sphincter muscle in the iris of the albino rat. Exp. 
107 
 
Eye Res. 14, 196–202 (1972). 
83. Davis-Silberman, N. & Ashery-Padan, R. Iris development in vertebrates; genetic 
and molecular considerations. Brain Research 1192, 17–28 (2008). 
84. Davis-Silberman, N. et al. Genetic dissection of Pax6 dosage requirements in the 
developing mouse eye. Hum. Mol. Genet. 14, 2265–2276 (2005). 
85. Delwig, A. et al. Retinofugal Projections from Melanopsin-Expressing Retinal 
Ganglion Cells Revealed by Intraocular Injections of Cre-Dependent Virus. PLoS 
One 11, e0149501 (2016). 
86. Fujino, I. et al. Differential expression of type 2 and type 3 inositol 1,4,5-
trisphosphate receptor mRNAs in various mouse tissues: in situ hybridization 
study. Cell Tissue Res 280, 201–210 (1995). 
87. Lau, K. C., So, K.-F., Campbell, G. & Lieberman, A. R. Pupillary constriction in 
response to light in rodents, which does not depend on central neural pathways. J. 
Neurol. Sci. 113, 70–79 (1992). 
88. Salazar, M., Shimada, K. & Patil, P. N. Iris pigmentation and atropine mydriasis. J. 
Pharmacol. Exp. Ther. 197, 79–88 (1976). 
89. Salazar, M. & Patil, P. N. An explanation for the long duration of mydriatic effect 
of atropine in eye. Invest. Ophthalmol. Vis. Sci. 15, 671–673 (1976). 
90. Hughes, S. et al. Using siRNA to define functional interactions between 




91. Kadamur, G. & Ross, E. M. Mammalian phospholipase C. Annu Rev Physiol 75, 
127–154 (2013). 
92. Haltaufderhyde, K., Ozdeslik, R. N., Wicks, N. L., Najera, J. A. & Oancea, E. Opsin 
expression in human epidermal skin. Photochem. Photobiol. 91, 117–123 (2015). 
93. Sikka, G. et al. Melanopsin mediates light-dependent relaxation in blood vessels. 
Proc. Natl. Acad. Sci. U. S. A. 111, 17977–82 (2014). 
94. Buhr, E. D. et al. Neuropsin (OPN5)-mediated photoentrainment of local circadian 
oscillators in mammalian retina and cornea. Proc. Natl. Acad. Sci. 112, 13093–
13098 (2015). 
95. Xin, H.-B., Deng, K.-Y., Rishniw, M., Ji, G. & Kotlikoff, M. I. Smooth muscle 




CURRICULUM VITAE FOR Ph.D. CANDIDATES 
Johns Hopkins University School of Medicine 
 
Qian Wang                                                                                                                                      





2016 Program in Biochemistry, 
Cellular and Molecular Biology 
Mentor: King-Wai Yau Ph.D. 
Johns Hopkins 
University School of 
Medicine 
M.S. 2011 Program in Plant, Insect and 
Microbial Sciences 
Mentor: Qisheng Song Ph.D. 
University of Missouri 
B.S. 2008 Program in Biological Sciences Shandong University 
 




2011     
Laboratory of Duojia Pan Johns Hopkins 
University School of 
Medicine (Present 
location: The 




Rotation   
Mar-May 
2012   
Laboratory of Peter Devreotes  Johns Hopkins 
University School of 
Medicine 
 
Awards and Honors 
2016   Nominee for the Chinese Government Award for Outstanding Self-
Financed Student Abroad 
2010   Winner for Entomological Society of America Student Competition for the 
President's Prize-Poster Presentation 
2010  The Phillip & Ruth Stone Scholarship Award for the Outstanding Master’s 
Student in Entomology, University of Missouri 
110 
 
2007  Distinguished Student Award, Shandong University 
2007  President Scholarship Award, Shandong University 
2005 and 2006  First-Class Student Scholarship, Shandong University 
2004  Freshman Scholarship, Shandong University 
 
Publications 
An, S†, Dong, S†, Wang, Q†, Li, S, Gilbert, LI, Stanley, D, Song, Q. Insect 
Neuropeptide Bursicon Homodimers Induce Innate Immune and Stress Genes 
during Molting by Activating the NF-κB Transcription Factor Relish. PloS one 
(2012) 7(3): e34510. († Co-first authors) PMCID: PMC3314635 
 
Wang, Q, Liu, Y, He, HJ, Zhao, XF, Wang, JX. Immune Response of 
Helicoverpa armigera to Different Kinds of Pathogens. BMC immunology (2010) 
11(1):9. PMCID: PMC2847984 
 
He, HJ, Wang, Q., Zheng, WW, Wang, JX, Song, QS, & Zhao, XF. Function of 
nuclear transport factor 2 and Ran in the 20E signal transduction pathway in the 
cotton bollworm, Helicoverpa armigera. BMC cell biology (2010) 11(1), 1. 
PMCID: PMC2830935 
 
Posters and Oral presentations 
Biochemistry, Cellular and Molecular Biology (BCMB) Graduate Program 
Retreat, Johns Hopkins University School of Medicine, Oct 2015 
Melanopsin Signaling in Mouse Iris (Oral Presentation) 
 
Entomological Society of America 58th Annual Meeting 
San Diego, California, Dec 2010 
The Role of Bursicon in Larval Stage (Poster) 
 
Life Sciences Week, University of Missouri, Columbia, Missouri, April 2010 
Identification of a Novel Bursicon function in Drosophila melanogaster (Poster) 
 
Entomological Society of America 57th Annual Meeting 
Indianapolis, Indiana, Dec 2009 




Service and Leadership 
2015-2016 Member of Career Forum for Chinese Student and Scholar, Johns 
Hopkins University School of Medicine 
 
 
